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PREFACE 


A  GCP  Symposium  on  the  subject  of  “Tactical  Air  Launched  Missiles”  was  held  in  1980  at  Eglin  AFB,  Florida,  USA. 
Many  advances  in  guidance  sensor  technology  and  guidance/control  implementation  techniques  have  taken  place  since  that 
time.  In  addition,  there  have  been  advances  in  various  guided  weapon  subsystem  technologies  which  have  important  impacts 
on  guidance  and  control  requirements  and  design  techniques. 

The  direct  cost  of  guidance  and  control  system  design  as  weU  as  test  and  evaluation  has  placed  much  more  emphasis  on 
simulation.  In  particular,  physical  simulation  using  hardware/software-in-the-loop  techniques  has  experienced  considerable 
importance. 

However,  all  advances  in  sensor-and  signal  processing  technology  and  guidance/control  techniques  only  lead  to 
improvements  in  operational  effectiveness  if  a  total  systems  approach  to  the  vehicle/weapon/mission  environment  is  pursued. 

It  was  felt,  therefore  that  a  symposium  on  this  subject  in  1987  was  timely.  The  symposium  treated  both  air-to-air  and  air- 
to-surface  weapon  systems  and  emphasised  guidance  and  control  technology  advances  and  guidance  impacts  from  advances  in 
other  areas. 


La  Commission  Guidage  et  Pilotage  avait  organise  a  EGLIN  (Floride),  une  conference  sur  le  theme  des  “Missiles 
Tactiques  Air-Sol  et  Air-Air”.  Depuis  tors,  de  nombreux  progres  ont  ete  realises  dans  la  technologie  du  capteur  de  guidage  et 
dans  les  techniques  de  mise  en  oeuvre  du  guidage  et  du  pilotage.  Ces  progres  concement  egalement  les  technologies  des  sous- 
systemes  d'armes  guidees  et  plus  precisement  les  exigences  du  guidage  et  du  pilotage  ainsi  que  les  techniques  de  conception. 

Le  cout  direct  de  la  conception  du  guidage  et  des  essais  et  evaluations  correspondants  a  amplifie  I’importance  de  la 
simulation.  Cest  le  cas,  en  particulier,  de  I’utilisation  des  techniques  de  simulation  physique  avec  elements  reels  dans  la  boucle. 

Toutefois,  les  progrfe  de  la  technologie  des  capteurs  et  du  traitement  de  leurs  signaux  ne  conduisent  a  des  avancees  que  si 
se  poursuit  une  approche  globale  de  I’environnement  vchicule-arme-mission. 

11  est  done  apparu  qu’un  symposium  consacre  a  ce  sujet  en  1987  serait  approprie.  Cette  conference  a  traite  des  systemes 
d'armes  air-air  et  air-sol.  Elle  a  mis  I’accent  sur  les  progres  du  pilotage  et  du  guidage  et  sur  les  repercussions,  en  ce  qui  conceme 
le  guidage,  des  avancees  realises  dans  d'autres  domaines. 
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TECHNICAL  EVALUATION  REPORT 


by 


C.Baron,  MSc 
18  Vicarage  Lane 
The  Bourne 

Farnham,  Surrey  GU9  8HN 
UK 


1 .  INTRODUCTION 

The  Symposium  was  held  in  the  National  War  Museum,  Athens,  from  the  5th  to  the  8th  May, 
1987.  The  programme  Co-Chairmen  were  Dr  W  P  Albritton  of  Rexham  Aerospace,  USA  and 
Mr  U  K  Krogmann,  Bodenseewerk,  FRG.  The  meeting  was  attended  by  161  people,  the  largest 
delegations  coming  from  the  FRG,  the  UK,  France  and  the  US,  in  that  order.  In  addition 
to  the  Symposium,  a  special  session  was  organised  at  the  request  of  the  Hellenic 
authorities  on  the  subject  of  "Simulation  Aspects  of  Air  Launched  Weapons".  Since  this 
was  solely  for  the  benefit  of  the  Host  Nation's  engineers,  however,  it  is  not  reported 
here . 

2 .  THEME  AND  OBJECTIVES 

Modern  defences  ensure  that  aircraft  will  have  extreme  difficulty  in  penetrating  heavily 
defended  areas,  and  the  development  of  improved  stand  off  weapons  is  therefore  of  the 
greatest  importance.  Current  weapons  which  have  sufficient  stand  off  suffer  however 
through  being  effectively  limited  to  targets  of  high  value  and  physical  prominence,  the 
former  because  of  the  high  cost  of  the  weapons  themselves  and  the  latter  because  of 
their  limitations  in  navigation  and  target  discrimination.  Since  the  guidance  and 
control  system  plays  a  large  part  in  determining  both  cost  and  performance,  there  should 
obviously  be  great  value  in  holding  a  symposium  on  the  subject,  enabling  the 
presentation  and  comparison  of  recent  progress,  and  the  informal  interchange  between 
national  experts  which  so  often  is  even  more  valuable  than  the  formal  programme  itself. 

3.  OPENING  ADDRESSES 


On  behalf  of  the  Host  Nation,  the  Symposium  delegates  were  welcomed  to  Greece  by 
Major  General  G  Stafilidis  who  in  addition  to  being  Chief  of  C  Branch  of  the  Hellenic 
Air  Force  General  Staff,  is  also  Greek  National  Delegate  to  AGARD.  He  stressed  the 
importance  of  achieving  more  effective  and  affordable  weapons;  this  would  require 
improved  collaboration  between  experts  of  different  disciplines  and  different  nations, 
and  he  welcomed  the  meeting  as  a  contribution  to  this  end. 

The  Keynote  Address  was  given  by  Major  General  P  Kontodios,  lately  National  Delegate  to 
AGARD  and  now  Adviser  to  the  Deputy  Minister  of  Defence.  He  envisaged  the  programme 
doing  justice  to  the  subject,  covering  the  range  from  low  cost  reliable  components 
through  to  complex  weapon  systems.  Smaller  nations  like  Greece  must  adapt  to  use  new 
technology  because  it  offers  the  possibility  of  resistance  to  superior  numbers,  but 
experience  has  taught  them  that  complex  systems  are  often  unreliable.  This  led  him  to 
pose  a  number  of  questions.  Can  improved  performance  be  reliably  achieved  at  lower 
cost?  Cannot  simpler  solutions  be  found  by  the  exercise  of  ingenuity?  Can  they  be 
developed  without  imposing  increased  workload  on  the  humans  in  the  system,  whose 
capability  cannot  be  increased? 

For  the  less  developed  nations  co-operation  in  research,  development  and  production  of 
new  weapon  systems  has  great  attraction,  and  it  may  be  that  their  very  situation  will 
make  it  possible  for  them  to  contribute  towards  simpler  solutions  to  problems.  The 
Alliance  should  make  serious  efforts  to  facilitate  their  participation,  and  a  range  of 
modular  ASM's  may  provide  a  very  suitable  opportunity  for  it. 

4  TECHNICAL  CONTENT 


SESSION  I;  GUIDANCE  DATA  SOURCE  ADVANCES 

This  session  provided  an  interesting  view  of  progress  in  missile  navigation  components 
and  technology.  Papers  1  and  3  dealt  with  gyros  in  contrasting  states  of  development. 
Kay  (1)  described  a  fibre  optic  gyro  which,  while  still  in  the  laboratory  stage,  has 
shown  promising  performance  combined  with  ruggedness,  quick  starting  and  low  cost. 

Hanse  (3)  on  the  other  hand  presented  a  miniature  version  of  the  well  khown  and  highly 
developed  Honeywell  range  of  ring  laser  gyros;  ingenuity  was  displayed  in  both  papers  in 
design  and  production  techniques  towards  achieving  cost  aims  of  $500  and  $1000 
respectively,  which  should  be  attractive  to  missile  designers. 

More  radical  solutions  however  may  also  be  available  in  the  future.  Petit  (2)  described 
the  achievement  of  three  axis  gyrometry  using  multiple  orthogonal  paths  with  common 
mirrors,  etc,  within  an  octahedron  block.  Feasibility  had  been  demonstrated  in  a  250nira 
diameter  (sic)  model,  and  tests  were  now  under  way  on  a  unit  of  maximum  dimension  80mm. 
Though  in  principle  this  should  yield  a  low  cost  system,  this  may  not  be  achieved 
easily.  In  an  equally  innovative  approach,  an  inertial  measurement  unit  based  entirely 
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on  accelerometers  was  described  by  Stewart  (4);  by  measuring  the  induced  Coriolis 
acceleration  of  a  vibrating  accelerometer,  angular  rate  and  linear  acceleration  can  both 
be  measured  in  a  single  accelerometer.  The  key  to  the  successful  demonstration  of  the 
concept  was  a  silicon  accelerometer,  a  cantilever  beam  suspended  pendulum, 
electrostatically  nulled,  within  a  silicon  wafer.  Unfortunately,  whereas  most  other 
papers  aroused  discussion , this  one  followed  the  lunch  break  and  delegates  failed  to 
extract  the  vital  missing  information  on  this  system’s  performance.  However,  given  its 
small  size  and  power  requirement  and  a  quoted  system  cost  of  around  $2000,  interest 
cannot  fail  to  be  sustained.  Contrasting  with  these  revolutionary  approaches,  a 
perennial  topic  of  the  past  was  now  brought  to  light  again  by  Ritland  (5).  Improvements 
in  Doppler  radar  sensors  have  now  made  it  worthwhile  to  consider  their  possible 
application,  in  combination  with  modern  inertial  sensors,  to  missile  navigation,  and 
this  study  had  been  carried  through  to  flight  testing.  Where  high  precision  and  long 
range  is  required  it  appears  that  Doppler  with  a  low  cost  IMU  could  be  competitive  with 
a  high  quality  pure  inertial  system.  Given  the  alternatives,  and  the  limitations  of 
Doppler  ( e  .g .  over  water)  applications  of  real  promise  are  not  obvious  however. 

Finally,  leaving  navigation  aside,  Lang  (7)  discussed  the  use  of  acoustic  sensors  for 
terminal  guidance  of  low  velocity  submunitions.  While  in  many  ways  it  might  appear 
unpromising,  such  a  system  offers  some  attractions:  it  is  passive,  self  limiting  to 
noisy  objects  (tanks,  helicopters),  can  operate  at  night,  in  fog  or  dust  or  any  but 
heavy  rain,  and  is  not  decoyed  by  dead  targets.  The  slow  measurement  rate,  however, 
places  limitations  on  vehicle  speed  which  make  it  difficult  to  deal  with  target  motion, 
at  least  at  normal  helicopter  speeds.  Simulation,  however,  indicated  good  results 
against  tanks,  though  the  audience  expressed  some  doubts  about  d iscr irainat ion  between 
multiple  targets.  It  may  be  that  acoustic  homing  could  provide  a  complementary  addition 
to  IR  without  excessively  increasing  the  cost. 

SESSION  II;  FLIGHT  PATH  CONTROL  ADVANCES 

In  many  missile  applications  the  problems  of  flight  control  have  been  effectively 
solved,  but  there  remain  a  number  of  areas  where  the  search  for  improved  performance  in 
more  exacting  situations  calls  for  fresh  advances,  and  the  availability  of  digital 
systems  of  almost  unlimited  capability  offers  solutions  hitherto  unattainable. 

Perhaps  the  most  obvious  such  case  is  that  of  the  short  range  air  to  air  missile;  all 
such  missiles  so  far  have  been  seriously  limited  at  the  shortest  ranges,  and  the 
increased  manoeuvre  capabilities  of  modern  fighters  have  accentuated  the  problem.  The 
papers  by  Hartmann  (8)  and  Willman  (13)  directly  addressed  this  situation,  the  former 
dealing  with  a  practical  design  for  a  high  performance  wingless  missile,  and  the  effects 
of  the  associated  non  linear  aerodynamics,  while  Willman  offered  a  means  of  achieving  an 
optimized  guidance  law  over  all  ranges  by  a  weighting  approach  to  flight  conditions.  A 
theoretical  route  to  non  linear  system  design,  based  on  Markov  procedures,  was  discussed 
by  Haddad  (9)  providing  the  possibility,  with  today’s  computing  capabilities,  of 
practical  non  linear  filtering.  For  air  to  air  missiles  of  longer  range  the  strapdown 
inertial  reference  system  has  its  attractions,  and  Lemoine  (10)  described  its  use  to 
decouple  the  homing  head  from  missile  body  motion,  and  compensate  for  radome 
aberration,  so  improving  homing  accuracy. 

The  terminally  guided  submunition  poses  an  equally  critical  but  rather  different 
problem,  that  of  achieving  accurate  guidance  in  very  small  size  and  at  very  low  cost, 
though  in  relatively  simple  flight  conditions.  Kindly  suostituting  at  the  last  moment 
for  a  withdrawn  paper,  Trottier  (11)  considered  the  design  problem  of  attacking  a  tank 
from  a  TGSM  initially  in  level  flight;  an  assumed  upper  limit  to  seeker  sightline  rate 
determined  a  low  TGSM  speed  and  hence  a  large  wing  size,  suggesting  that  the  more  usual 
vertical  approach  from  parachute  suspension  may  be  preferable. 

Finally  Moyan  (12)  described  the  design  of  a  passive  terrain  following  system  integrated 
with  terrain  reference  navigation,  showing  how  the  required  system  performance 
characteristics  led  to  the  autopilot  design,  which  was  unusual  mainly  in  taking 
advantage  of  the  opportunity  to  use  pre-knowledge  of  required  manoeuvres.  The  paper 
concluded  with  an  interesting  analysis  of  exposure  and  vulnerability  in  relation  to  TF 
performance . 

SESSION  III;  OPERATION  REQUIREMENTS,  SYSTEM  CONSIDERATIONS 

In  a  session  which  gave  interesting  coverage  of  overall  system  design  issues  the  first 
part  was  taken  by  the  aircraft  designers.  Reviewing  the  various  types  of  air  launched 
weapon  Pagniez  (14)  showed  how  the  increasing  performance  and  complexity  of  modern 
missiles  is  making  ever  more  demands  on  the  aircraft  system.  Close  collaboration 
between  aircraft  and  weapon  designers  was  rightly  demanded,  and  the  weapon  designer  must 
take  particular  care  not  to  make  excessive  demands  on  the  single  seat  aircraft  pilot,  or 
to  place  requirements  on  the  aircraft  which  increase  its  vulnerabil i ty . 

In  a  slightly  smaller  canvas,  Derrien  (15)  discussed  the  particular  manoeuvres  and 
profiles  that  the  armed  services  call  for  from  their  helicopters,  and  demonstrated  how 
this  had  led  to  design  methods  and  ultimately  to  system  designs  for  helicopter  flight 
control . 

The  complex  tactical  situations  facing  the  fighter  pilot  in  the  central  European  theatre 
were  the  concern  of  Mitchell  (16)  who  described  an  attempt,  through  battle  simulation, 
to  design  systems  to  assist  pilots  in  tactical  decision  taking. 
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The  next  three  papers  in  their  different  ways  represented  the  avionics  and  weapons 
designers'  approach  to  system  problems,  peacock  (17)  described  the  collaboration  of 
several  UK  firms  in  an  attempt  to  relieve  workload  of  the  fighter  ground  attack  pilot 
through  the  automatic  management  of  his  mission  systems;  one  component  of  this  endeavour 
is  a  technique  to  display  ridge  lines  derived  from  a  stored  digital  terrain  data  base, 
augmenting  FLIR  information  to  provide  a  more  readily  assimilable  picture  of  the  terrain 
ahead . 

In  a  well  presented  paper  Runnalls  (18)  described  two  methods  of  navigation  based  on 
stored  terrain  data,  by  contour  matching  and  scene  matching  respectively.  He  showed 
that  their  properties  are  such  as  to  make  them  complementary,  and  presented  the  results 
of  flight  trials  in  which  the  improvement  in  accuracy  from  using  them  together  was 
clearly  evident. 

Finally,  and  rather  from  a  project  office  stand  point,  Hoh  (19)  presented  the  seven 
nation  Modular  Stand  Off  Weapon  programme.  The  operational  need  for  stand  off  weapons 
has  been  evident  for  some  years  and  has  been  discussed  in  previous  symposia  and  in  many 
other  NATO  fora.  The  problem  remains  that  of  finding  a  way  to  meet  it  economically. 
Multinational  sharing  of  development  costs  and  summation  of  production  numbers  offers  a 
possible  solution,  and  modularity  may  enable  the  differing  requirements  of  the  nations 
to  be  met  at  much  less  cost  than  that  of  providing  a  different  weapon  for  each  of  them 
While  we  must  all  hope  for  the  success  of  the  programme,  many  delegates  felt  the  time 
scale  presented  to  be  optimistic. 

SESSION  IV;  SUBSYSTEM  TECHNOLOGY  ASPECTS,  GUIDANCE  AND  CONTROL  IMPACTS 

This  session  brought  together  a  number  of  somewhat  diverse  topics,  which  had  however  the 
common  thread  that  software,  and  its  interaction  with  hardware,  is  playing  an 
ever-increasing  role.  A  succession  of  AGARD  symposia  have  heard  descriptions  of  aspects 
of  the  superb  engineering  of  the  Norwegian  Penguin  missile  system,  and  on  this  occasion 
it  was  the  transfer  alignment  between  aircraft  and  missile  navigation  systems  that  was 
presented  by  Bardal  (20).  The  problems  encountered  were  candidly  reviewed,  from  which 
emerged  the  importance  of  achieving  integration  of  subsystems  in  simulation  at  as  early 
a  stage  as  possible,  and  the  cost  savings  achievable  through  first,  simulation,  and 
second,  captive  flight  testing,  before  missile  flight  trials. 

In  a  paper  closely  related  to  paper  (1),  and  which  might  well  have  found  its  place  in 
Session  I,  Rahlfs  (21)  described  the  development  of  fibre  optic  gyros  and  their 
incorporation  in  strapdown  IN  systems.  The  wide  bandwidth  and  simple  error  structure  of 
this  type  of  gyro  are  shown  to  have  advantages  which,  combined  with  their  small  size, 
make  them  attractive  for  missile  systems. 

The  high  manoeuvrability  and  rapid  response  demanded  of  short  range  air  to  air  missiles 
make  the  use  of  transverse  reaction  jets  attractive  for  manoeuvre  control.  Leplat  (23) 
had  carried  out  a  secies  of  wind  tunnel  investigations  to  determine  the  aerodynamic 
effects  for  a  variety  of  nozzle-wing-tail  configurations.  It  was  evident  that  a  full 
understanding  of  these  effects  would  be  necessary  to  take  full  advantage  of  the 
technique  in  control  system  design. 

Control  of  axial  acceleration  has  rarely  been  considered  for  tactical  missiles,  but 
developments  of  long  range  air  to  surface  missiles  are  now  calling  for  high  speed  and 
flexibility  of  trajectory  and  launch  conditions,  making  control  of  motor  thrust 
essential.  Thomaier  (24)  dealt  with  thrust-control  for  a  ducted  rocket  motor;  the 
control  system  design  was  severely  constrained  by  the  practicalities  of  the  situation, 
but  the  test  results  presented  showed  that  an  effective  system  had  been  achieved. 

In  the  first  of  these  papers  devoted  specifically  to  software,  Wick  (25)  described  the 
design  of  a  signal  processing  system  for  laser  gyco  based  strapdown  IN  systems,  in  which 
the  processing  was  designed  to  minimise  the  errors  induced  by  vibration  and  other 
mot  ions . 

In  the  next  paper  (26)  an  integration  of  the  functions  of  scene  matching  navigation, 
target  detection  and  correlation  terminal  homing  was  proposed  by  Walker.  These 
functions  have  much  in  common  in  principle,  and  the  idea  is  that  some  re-arrangement  of 
their  processing  architecture  would  make  their  integration  in  a  single  system  economic, 
with  large  savings  in  volume  and  power. 

The  need  for  standardisation  raised  at  various  times  in  this  symposium  would  be  advanced 
by  the  general  adoption  of  the  ADA  language,  and  Cook  (27)  described  one  firm's  attempt 
to  build  up  facilities  and  experience  for  its  use.  While  some  drawbacks  were 
acknowledged,  he  concluded  that  ADA  has  very  worthwhile  advantages,  its  deficiencies  are 
steadily  being  whittled  away,  and  it  offers  facilities  which  are  otherwise  unobtainable. 
In  the  discussion  period  a  show  of  hands  indicated  that  few  participants  had  so  far  made 
any  use  of  ADA,  but  an  increasing  number  are  likely  to  use  it  in  the  future. 

SESSION  V;  TEST  AND  EVALUATION  TECHNIQUES 

The  first  paper  of  this  session  (Baars,  30)  described  some  very  thorough  and  accurate 
measurements  of  tank  target  signatures  at  94GHz,  demonstrating  the  effects  of  mud  and 
camouflage • 
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The  rest  of  the  papers  dealt  with  simulation,  with  hardware  in  the  loop,  and  those 
interested  in  the  topic  would  be  advised  to  read  first  paper  33  by  Kuestner,  which 
provides  a  very  clear  general  introduction  to  the  subject. 

Hoskins  (31)  dealt  rather  more  specifically  with  the  methods  used  to  simulate  the 
response  of  a  missile  with  a  radar  seeker  to  a  complex  electromagnetic  environment, 
including  the  wide  variety  of  ECM,  clutter,  reflection  and  diffraction  effects  which  can 
occur  . 

In  paper  32,  Loewe  described  a  simulator  facility  used  to  carry  out  hardware  in  the  loop 
testing  of  the  Penguin  Mk3  missile  control  system.  It  was  in  fact  the  software  in  the 
hardware  in  the  loop  (!)  which  was  under  test,  and  valuable  results  in  terms  of 
detection  of  software  errors  and  avoidance  of  wasted  flight  tests  ensued, 

ROUND  TABLE  DISCUSSION 

The  formal  programme  was  completed  by  a  Round  Table  Discussion  in  which  Dr  Albritton 
chaired  a  panel  of  experts  in  the  discussion  of  three  vitally  important  and  contrasting 
topics . 

It  is  clear  that  co-operative  development  of  modular  weapons  will  only  be  achievable 
with  any  degree  of  economy  if  effective  standards  exist.  One  panel  member,  Mr  Trottier 
traced  the  history  of  NATO's  effort  in  this  area  stemming  from  a  Defence  Research  Group 
Working  Group  of  1982,  and  in  its  continuation  offering  hope  that  suitable  standards  may 
become  available.  Mr  Leek,  also  from  the  panel,  drew  attention  to  the  standardisation 
potential  to  the  ADA  language  system.  From  the  floor  however,  there  was  a  good  deal  of 
scepticism;  many  examples  of  the  disadvantages  of  the  1553  bus  standard,  if  used  in 
missiles,  were  quoted,  though  its  value  in  some  more  complex  aircraft  applications  was 
acknowledged,  and  its  ability  to  be  evolved  into  the  more  advanced  standard  3910  was 
welcomed.  There  were  also  those  who  feared  that  standards  would  limit  technological 
progress,  and  there  is  no  doubt  that  the  length  of  time  it  takes  to  develop  standards 
does  tend  to  produce  this  effect.  As  Dr  Albritton  pointed  out,  early  action  to 
anticipate  the  need  for  standards,  and  rapid  decisions  on  their  adoption  could  do  much 
to  improve  the  situation. 

The  next  question  tackled  was  that  of  optimal  control;  why  has  it  been  so  little  used, 
in  contrast  to  the  popularity  of  optimal  estimation?  Here  the  responses  both  from  the 
panel  and  the  audience  tended  to  be  pessimistic.  There  were  those  who  felt  that  the 
theoreticians  had  failed  to  provide  practically  usable  techniques,  to  which 
Prof  Hadda  d  responded  that  optimality  is  difficult  to  define  for  a  problem  as  full  of 
uncertainty  as  missile  guidance;  he  felt  that  designers  would  be  better  advised  to  place 
emphasis  on  robustness  to  the  wide  range  of  target  and  environmental  conditions 
encountered.  Agreeing  from  the  panel,  Mr  Hartmann  pointed  out  that  to  achieve  this  the 
second  best  solution  is  often  the  most  practical.  Clearly  in  the  minority,  perhaps 
through  looking  further  ahead,  the  Chairman  argued  that,  for  example,  proportional 
navigation  is  only  optimal  for  a  constant  speed  missile  and  a  non-manoeuvring  target  - 
in  this  respect  a  fully  optimal  system  must  be  more  robust;  moreover,  while  he  conceded 
that  the  computing  requirements  would  be  greatly  increased,  a  fully  integrated  optimal 
system  could  reduce  the  requirements  in  other  areas,  such  as  sensors. 

Finally  attention  was  focussed  on  the  high  cost  of  missiles,  now  clearly  leading  to  the 
reduction  of  military  stocks  to  dangerous  levels.  The  rapid  reduction  in  the  cost  of 
electronic  components  has  had  little  apparent  impact  on  system  costs.  For  the  panel, 

M  Lemoine  suggested  that  this  was  because  too  much  emphasis  is  continually  laid  on 
increased  performance,  too  little  on  reducing  costs;  there  is  much  scope,  given  the 
will,  for  reducing  the  number  of  components  in  missiles.  Mr  Krogmann  considered  that 
closer  collaboration  between  Service  staffs  and  technologists  in  the  writing  of  military 
requirements  could  not  only  reduce  areas  where  excessive  performance  demands  lead  to 
very  high  costs,  but  in  some  instances  eliminate  over  cautious  requirements  where  extra 
performance  might  be  obtained  a  little  extra  cost.  A  good  deal  of  attention  was 
focussed  on  the  high  costs  imposed  by  excessive  bureaucracy,  particularly  as  regards 
quality  control.  It  is  sad  that  in  spite  of  this,  or  possibly  even  because  of  it, 
military  equipment  reliability  often  leaves  much  to  be  desired,  greatly  increasing 
system  lifetime  costs;  the  increase  in  complexity  stemming  from  demands  for  high 
performance  contribute  to  this.  Both  panel  and  audience  laid  much  of  the  blame  for  high 
costs  on  politicians  and  military  staffs;  changes  in  requirenients  while  development  is 
in  progress  frequently  give  rise  to  design  compromises,  unreliability  and  high  cost. 
Failure  of  governments  to  order  large  enough  batches,  even  though  their  total 
requirements  are  large,  prevent  the  use  of  the  most  economic  manufacturing  systems,  and 
government  policies  discourage  industry  rrom  bearing  the  risk  themselves.  However,  it 
was  pointed  out  that  both  technologists  and  industry  have  a  vested  interest  in 
complexity  -  the  former  as  an  interesting  challenge  and  the  latter  as  a  source  of 
profit.  It  was  surprising  that  no  reference  was  made  to  the  Proceedings  of  the  39th 
Symposium  of  the  Panel,  held  in  October  1984,  which  contain  a  great  deal  of  value  on 
this  subject. 

So  ended  a  very  stimulating  discussion,  from  which  most  of  those  present  must  have  taken 
home  something  to  think  about  -  a  fitting  end  to  a  very  worthwhile  symposium. 


5. 


AUDIENCE  REACTION 


Only  eight  members  of  the  audience  completed  the  questionnaires  issued,  a  sample 
unworthy  of  statistical  examination.  Their  remarks  however  did  confirm  my  own 
impressions  and  those  gleaned  in  conversation.  The  poor  standard  of  many  visual  aids 
was  a  disappointment,  given  the  great  improvements  achieved  in  this  area  previously.  The 
lack  of  any  presentation  of  the  users'  point  of  view  was  a  frequent  source  of  complaint; 
while  such  presentations  have  often  proved  disappointing  in  the  past,  one  wonders 
whether  their  absence  in  recent  symposia  indicates  a  widening  gulf  between  technologists 
and  the  military.  The  most  fundamental  complaint  however  concerned  the  lack  of  depth  in 
the  papers;  there  can  be  little  doubt  that  this  was  due  to  the  excessive  concern  for 
security  which  is  stifling  of  scientific  interchange  across  the  Alliance,  but  perhaps 
one  can  detect  a  slightly  improving  trend. 

6.  TECHNICAL  APPRECIATION 

In  relation  to  its  declared  aims  the  symposium  had  serious  limitations,  for  the 
critical  aspects  of  target  sensing  and  terminal  guidance  were  almost  completely 
unrepresented  in  the  programme.  However,  progress  was  visible  across  the  remainder  of 
the  spectrum,  with  interesting  and  original  developments  in  navigation  components  and 
systems,  and,  in  spite  of  the  pessimism  of  the  Round  Table  Discussion  some  early  signs 
of  a  movement  towards  optimal  control. 

On  the  whole,  air-to-air  missiles  received  better  treatment  than  a ir-to-sur f ace ,  partly 
perhaps  because  most  of  the  outstanding  papers  fell  in  the  air-to-air  field,  and  partly 
because  of  the  paucity  of  papers  on  terminal  guidance.  In  view  of  the  importance  of 
achieving  advances  in  air-to-sur face  weapons  this  is  to  be  regretted;  given  the 
impending  competition  for  contracts  in  this  area  it  seems  likely  that  commercial  secrecy 
is  to  blame  -  if  so,  firms  should  reflect  that  they  may  be  losing  more  than  they  gain 
by  this  policy.  Nevertheless,  the  meeting  provided  excellent  coverage  of  navigation 
components  and  systems,  flight  control,  and  simulation,  and  touched  upon  a  wide  variety 
of  other  aspects  of  missile  design,  many  of  which  rarely  get  a  hearing. 

7.  MILITARY  POTENTIAL 

The  symposium  provided  evidence  of  continuing  progress  in  air-launched  missile 
capability,  though  most  of  the  papers  would  be  of  direct  interest  to  systems  designers 
rather  than  to  the  military,  who  will  receive  the  benefits  in  the  future.  Many  of  the 
technical  advances  described  could  lead  to  lower  cost  weapon  systems  in  due  course,  and 
in  this  connection  the  final  Round  Table  Discussion  aired  many  points  which  merit 
serious  consideration  by  military  staffs. 

8 .  PRESENTATION  AND  ADMINISTRATION 

The  host  country  is  to  be  congratulated  on  the  high  standard  of  conference  facilities 
they  provided.  The  Programme  Committee  had  clearly  had  a  difficult  task  in  mounting  a 
coherent  programme  from  a  very  diverse  set  of  offered  papers;  it  was  unfortunate, 
however,  that  one  afternoon  had  been  overloaded  with  a  programme  of  six  papers,  and  when 
two  papers  were  withdrawn  from  other  sessions,  a  re-arrangement  to  reduce  the  load  on 
that  afternoon  would  have  been  welcomed  by  participants.  Apart  from  the  poor  visual 
aids  already  mentioned,  the  standard  of  presentation  was  generally  good. 

9 .  RECOMMENDATIONS 

There  can  be  no  doubt  of  the  long  term  importance  of  the  subject  and  that  it  will  be 
necessary  to  return  to  it  in  due  course;  the  timing  must  depend  on  the  readiness  of 
those  in  the  field  to  reveal  progress  made.  Much  interest  in  modular  stand-off  weapons 
was  expressed  by  the  delegates,  and  it  is  clear  that  this  subject  offers  a  wide  range  of 
significant  technical  problems  which  could  form  the  basis  of  a  valuable  symposium  in  due 
course . 
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ABSTRACT  ^ 


The^paper  describes  the  design  of  a  prototype  fibre  optic  gyrq^  made  by  the  Fibre 
Gyro  Research  team  at  British  Aerospace, ''which  is  in'tendeT  for'missile  guidance 
applications.  Important  design  constraints  for  the  next  generation  of  missiles  are 
wide  dynamic  range,  rapid  switch-on,  extreme  ruggedness,  low  cost,  and  digital 
operation. 

These  features  are  all  embodied  in  the  design  described,  which  employs  optical 
phase  modulation  in  an  integrated  optical  waveguide  device.  This  also  incorporates  a 
Y-branch  beam-splitter.  Serrodyne  phase  ramps  are  impressed  on  the  light  propagating 
round  the  fibre  optic  sensor  coil  connected  to  the  integrated  optics  chip,  and 
rotation  rate  is  measured  by  the  serrodyne  frequency  needed  to  null  the  rotation- 
induced  Sagnac  phase  shift.  The  gyro  performance  (drift  and  random  walk),  and  errors 
up  to  IQOM^ec., 

1.  INTRODOCTroW 
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wiilr  be^resented . 


In  the  future  there  will  be  an  Increasing  demand  lot  more  agile  missiles  for  both 
ait  and  ground  launched  applications.  Guidance  systems  will  be  included  in  gun- 
launched  missiles  where  high  accelerations  at  launch  are  common.  The  inclusion  of 
strap-down  guidance  systems  in  missiles  facing  high  toll  and  high  acceleration  has 
highlighted  the  need  for  mote  rugged  navigation  instruments  having  a  dynamic  range 
greater  than  that  available  from  conventional  gyros. 

Fibre  optic  gyroscopes  are  ideal  candidates  for  such  applications  since,  being  all 
solid-state,  they  ate  rugged  and  do  not  suffer  from  the  restricted  dynamic  range  of 
spinning  mass  gyroscopes.  An  additional  advantage  is  that  with  very  few  component 
changes  the  fibre  gyro  can  be  designed  around  several  different  architectures  to  suite 
a  wide  range  of  applications.  For  instance  if  one  wishes  to  increase  the  sensitivity 
it  is  possible  to  Increase  the  fibre  length  used,  with  little  excess  loss,  using 
currently  available  low-loss  fibre.  It  is  also  possible  to  increase  the  sensitivity 
and  scale  factor  by  increasing  the  fibre  coil  diameter.  Because  the  fibre  gyro  is  all 
solid-state  it  is  expected  to  be  a  very  reliable  device  with  a  long  shelf  life.  If 
the  right  choice  of  architecture  and  components  are  made,  such  that  simple  manufacturing 
methods  can  be  used,  then  the  cost  will  be  low. 

Several  configurations  of  fibre  optic  gyroscope  have  been  reported  over  the  last 
few  years  using  different  modulation  systems  chosen  to  suit  particular  cost  and 
performance  goals.  We  report  here  on  the  performance  of  a  prototype  gyroscope  made 
during  our  development  programme.  The  programme  aim  was  to  produce  a  low  cost,  wide 
dynamic  range  gyroscope  with  an  output  suitable  for  connection  to  digital  guidance 
systems.  Such  a  gyroscope  is  intended  to  be  used  in  three-axis  strap-down  inertial 
measurement  units  in  low  to  medium  accuracy  missiles  and  guided  mortars. 

2.  MARKET  CONSIDERATIONS 


The  fibre  gyroscope  should  be  capable  of  satisfying  future  gyroscope  markets  which 
are  not  at  present  covered  by  existing  gyroscope  technology.  The  required  performance 
and  size  requirements  should  be  achieved  at  a  cost  equal  to  or  below  that  of  current 
instruments.  Three  market  sectors  can  be  immediately  identified:- 

i.  At  the  high  accuracy  end,  such  as  North  seeking  gyros  used  while  borehole  logging 
for  mineral  exploration,  where  high  accuracy  is  required  in  a  very  severe  environment, 
where  very  high  temperatures  are  encountered,  and  where  very  high  levels  of  shock  and 
vibration  are  reached.  The  market  for  such  devices  is  modest  though  the  market  could 
stand  a  fairly  high  individual  sensor  cost. 

ii.  Medium  accuracy  agile  missiles  where  fast  turn  rates,  up  to  2000'/Sec,  may  be 
encountered.  Launch  conditions  are  not  expected  to  be  severe  in  this  particular 
application,  though  instant  start  and  wide  bandwidths  ate  important  requirements. 

This  is  a  medium  volume  market. 
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iii.  Artillery  shells  are  a  large  volume  market  where  the  accuracy  requirements  are 
relaxed  but  the  g-hardening  requirement  is  severe  and  high  ratco  of  turn  and  high 
acceleration  (~  20,000g)  are  likely  to  be  encountered  at  launch. 

The  gyro  whose  performance  is  being  described  is  being  developed  by  British 
Aerospace  for  applications  in  the  medium  accuracy  missile  market. 

3.  TYPICAL  DESIGN  GOAL  SPECIFICATION 


Within  the  fibre  gyroscope  development  programme,  the  prototype  gyro  design 
specification  should  demonstrate  the  capabilities  of  current  technology  showing  that 
all  of  the  performance  parameters  necessary  for  the  intended  market  can  be  achieved. 
Using  available  technology,  British  Aerospace  has  been  developing  a  fibre  optic 
gyroscope  with  the  following  performance  goals. 

TABLE  1  -  GYRO  PERFORMANCE  DESIGN  GOALS 


SCALE  FACTOR . 

SCALE  FACTOR  STABILITY 

WARM  UP  TIME . 

RANDOM  WALK . 

BIAS  UNCERTAINTY . 

TEMPERATURE  RANGE . 

ACCELERATION . 

RESOLUTION  OF  OUTPUT.. 

OUTPUT  DATA  RATE . 

ANALOGUE  BANDWIDTH .... 

SIZE . 

COST  AIM . 


30,000  to  50,000  pulses/rad 

100  ppm  of  FSD 

<0.1  Sec 

lo/ZHr 

lOVHr 

-40  to  +55°C 
20,000g 
16  BITS 
up  to  1  KHz 
400  Hz 

50-75mm  x  30mm 
<  $500  per  axis 


3 . 1  Performance  vs  size 

Whilst  the  performance  aspects  have  carried  most  weight  so  far,  the  size 
consideration  has  not  been  ignored.  However  the  sizes  of  certain  'off  the  shelf 
components  (designed  mainly  for  the  communications  market)  do  not  at  this  time  lend 
themselves  to  the  size  constraints  embodied  in  Table  1.  Our  development  programme  so 
far  has  therefore  sacrificed  size  in  respect  of  availability  of  components  such  as  the 
light  source  which  comes  packaged  in  a  14  pin  DIL  hermetically  sealed  case.  Using 
such  components  we  have  developed  a  prototype  gyroscope  which  occupies  a  volume  of 
0.42  litres  (75mm  cube).  This  package  contains  all  the  optical  components  of  the 
gyroscope  together  with  the  associated  control  and  interface  electronics  boards.  The 
digital  electronics  package  performs  counting  and  interface  functions,  and  a 
microprocessor  is  Included  to  perform  compensation  of  temperature  and  other 
environmental  effects,  necessary  for  this  single  axis  sensor.  It  also  provides 
scaling  to  produce  an  output  as  required  by  the  user. 

Since  it  is  likely  that  such  a  gyro  would  form  part  of  an  integrated  Inertial 
Measurement  Unit  (IMU),  the  unit  has  been  designed  so  that  most  of  the  digital 
Interface  electronics  package  could  be  used  by  all  three  axes,  so  reducing  total  IMU 
cost . 


The  fibre  optic  gyro  by  its  very  nature  is  a  modular  design,  each  module  being 
connected  to  the  next  by  optical  fibre.  This  characteristic  enables  it  to  be  fitted 
into  any  available  space.  One  of  the  existing  limitations  is  the  length  of  the 
integrated  optics  (currently  40mm),  together  with  its  associated  fibre  coupling 
system,  which  form  part  of  the  optical  processing  in  the  device.  In  the  current 
prototype  the  integrated  optics  are  placed  inside  the  fibre  coil  perpendicular  to  its 
axis.  However  this  is  not  the  only  possible  arrangement  and  the  integrated  optics 
could  be  located  remotely  if  packaging  constraints  required  it. 

The  optical  fibre  used  in  this  gyroscope  is  made  to  standard  telecomms  dimensions, 
though  in  future  both  the  fibre  and  jacket  dimensions  could  be  reduced  substantially 
to  fit  a  smaller  package.  The  coil  in  the  prototype  has  been  wound  on  a  large  (68mm) 
diameter  spool  to  avoid  excess  bend  loss  and  to  retain  as  large  a  scale  factor  as 
possible.  However  if  the  requirement  were  to  sense  movement  of  say  a  seeker  head,  use 
of  different  fibres  would  enable  very  small  coils  to  be  wound.  The  sensor  coil  could 
then  be  located  on  its  own,  for  instance  in  a  seeker  head  or,  perhaps,  in  the  arm  of 
say  an  industrial  robot,  whilst  the  integrated  optics  and  other  gyro  components  could 
be  located  remotely  and  joined  together  only  by  single  mode  fibres.  The  gyro  is  a 
sensitive  optical  component  and  although  it  can  be  made  modular,  once  the  optical 
paths  of  all  modules  are  joined  together  during  assembly,  they  cannot  subsequently  be 
separated  easily. 

4.  THE  FIBRE  OPTIC  GYRO 


The  fibre  optic  gyroscope  uses  the  Sagnac  effect  to  sense  rotation  rate  [1]  whereby 
beams  of  light  propagating  in  opposite  directions  around  a  circular  path  see  different 
path  lengths  when  subject  to  a  rotation  about  a  common  axis  orthogonal  to  the 
direction  of  light  propagation. 


The  Sagnac  Effect 
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Fig.  1  The  Sagnac  Effect 

The  output  beam  from  a  light  source  is  divided  into  two  counter-rotating  beams  by 
an  optical  beam-splitter  at  KFig.  1).  These  two  beams  are  launched  into  either  end 
of  a  fibre  coil  which  is  rotating  with  rate  a.  On  recombining  at  the  beam  splitter, 
now  at  2,  they  interfere,  now  having  a  relative  path  difference  of  2aL  due  to  the 
rotation.  The  path  difference  can  be  expressed  in  terms  of  a  phase  shift  which  is 
directly  proportional  to  rotation  rate,  and  is  seen  as  the  change  in  intensity 
produced  by  the  interference  of  the  two  returning  beams.  The  magnitude  of  a  rate- 
induced  phase  shift  is  proportional  to  the  area  enclosed  by  the  coil,  and  so  the 
relative  sensitivity  of  the  fibre  optic  gyro  can  be  increased  by  using  mote  fibre, 
winding  larger  diameter  coils,  or  both. 

Because  the  size  of  the  rate-induced  phase  shift  is  so  small  (about  1/10^  of  a 

wavelength  at  the  limit  of  performance  of  the  gyro),  care  must  be  taken  to  ensure  that 

all  other  non-reciprocal  phase  shifts  ate  eliminated  by  confining  both  beams  to  travel 
the  same  optical  path.  To  achieve  this,  the  coil  is  made  from  single  mode  fibre  and  a 

single-mode  spatial  filter  and  polarlser  form  the  common  input/output  atm  to  the 

interferometer  (Fig.  2),  following  the  well  established  guidelines  of  the  minimum  gyro 
configuration  [2];  this  ensures  single  mode  and  single  polarisation  propagation. 


Fig.  2  Spatial  Filter  and  Polarlser 

It  is  also  necessary  to  ensure  that  no  other  beam  except  the  two  desired  beams 
reach  the  detector  coherently;  this  implies  that  steps  must  be  taken  to  avoid 
reflections  at  joins  by  making  sure  that  all  reflections  do  not  re-enter  the  guided 
path  [3]  and  to  remove  the  effects  of  Rayleigh  backscatter  [41  in  the  fibre  by 
ensuring  that  such  backscattered  light  is  incoherent  and  does  not  interfere  with  the 
Sagnac  beam. 

A  suitable  detection  technique  must  be  employed  to  measure  the  small  induced  phase 
shifts.  The  actual  phase  shift  is  linearly  proportional  to  rotation  rate,  however  the 
intensity  at  the  detector  is  a  cos^  function  of  phase.  At  rest,  the  gyro  is 
normally,  biased  at  the  peak  of  the  zero  order  fringe  where  the  detected  intensity  is  a 
maximum  but  the  phase  sensitivity  is  a  minimum.  It  is  also  a  point  where  intensity 
changes  suffer  from  directional  ambiguity.  The  application  of  a  n/2  bias  to  a 
modulator  at  one  end  of  the  sensor  loop  (Fig.  3)  removes  the  ambiguity  and  moves  the 
detection  point  to  the  most  sensitive  and  most  linear  portion  of  the  fringe  pattern. 
The  bias  is  normally  applied  as  an  AC  phase  modulation,  which  brings  with  it  the 
advantage  of  an  AC  detection  scheme  reducing  the  effect  of  1/f  noise  at  low  frequency 
[51. 
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Fig.  3  Modulation  and  the  Fringe  Pattern 
4.1  Modulation  and  control  system 

He  apply  an  AC  dither  phase  modulation  to  bias  the  gyro  away  from  the  peak  of  a 
fringe  and  use  a  synchronous  detection  system.  A  square  wave  dither  signal  drives  a 
modulator  at  one  end  of  the  coll  and  applies  a  t/2  phase  shift  to  the  beam 
(Fig.  4).  Though  we  use  the  term  dither  this  must  not  be  confused  with  the  mechanical 
dither  applied  to  ring  laser  gyroscopes  to  avoid  lock-in.  The  period  of  the  dither  is 
equal  to  twice  the  delay  time  around  the  fibre  coil.  Taking  advantage  of  this  delay, 
dither  applies  the  phase  shift  first  to  one  beam  and  then  the  other,  alternately 
biasing  the  gyro  to  the  half  Intensity  points  of  the  fringe  on  either  side  of  the 
maximum.  At  rest  the  same  signal  is  then  observed  at  the  detector  in  each  loop-time 
and  the  a.c.  component  is  at  a  null. 


Fig.  4  Dither  Modulation 

If  a  rate  is  applied  to  the  sensing  coil  then  a  signal  appears  at  the  detector 
synchronous  with  the  dither  signal.  This  signal  is  demodulated  synchronously  with  the 
dither  and  the  resulting  output  carries  direction  and  phase  information.  However  this 
signal  is  not  linear  with  rate  and  has  a  dynamic  range  limited  by  the  width  of  a 
fringe. 

4.2  The  frequency  nulling  gyro 

One  way  of  overcoming  this  non-linearity  and  dynamic  range  restriction  is  to 
operate  the  gyro  in  a  frequency  nulling  closed  loop  [6].  In  a  frequency-nulling  gyro, 
a  frequency  shifter  is  placed  at  one  end  of  the  coil  (Fig.  5).  A  frequency  shift  can 
then  be  applied  to  one  beam  of  light  prior  to  propagating  through  the  coil.  The  other 
beam  is  also  shifted  by  the  same  frequency,  but  AFTER  it  has  been  round  the  coil. 
Because  both  beams  propagate  at  different  optical  frequencies  around  the  loop,  a 
differential  phase  shift  is  set  up  between  them  when  they  arrive  back  at  the  beam¬ 
splitter  at  the  same  frequency.  This  differential  phase  shift  can  be  used  to  null  out 
the  sagnac  phase  shift  by  varying  the  applied  frequency  with  the  filtered  output  of 
the  demodulated  detector  signal.  The  correcting  frequency  is  linearly  proportional  to 
the  applied  phase  shift  and  hence  rotation  rate. 
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Fig.  5  Frequency  Nulling  Gyroscope 

4.3  Development  programme  at  BAe  to  date 

At  British  Aerospace  we  have  concentrated  on  the  frequency  shift  approach  since  we 
began  a  development  programme  in  1980.  In  the  early  stages  bulk  optic  gyroscopes 
using  acousto-optic  modulators  for  frequency  shifting  were  built  for  source  wave¬ 
lengths  of  633  and  1300nm.  Closed  loop  electronics  were  built  around  these 
configurations,  and  bias  uncertainties  better  than  100°/Hr  were  achieved.  Encouraged 
"by  these  results,  we  looked  for  an  integrated  solution  to  the  frequency  shifting 
problem.  At  the  time  there  appeared  to  be  two  major  options:  the  use  of  integrated 
optics  or  the  miniaturisation  of  bulk  optic  devices.  Of  the  two  options,  integrated 
optics  was  chosen  because  it  requires  less  power,  it  is  easier  to  mass  produce,  it  is 
inherently  more  rugged,  it  is  easier  to  assemble  and  align  than  acousto-optic  devices 
which  need  expanded  beams,  and  no  high  frequency  standing  bias  is  required.  However 
there  is  no  direct  integrated  optic  equivalent  to  the  acousto-optic  modulator.  One 
approach  to  creating  a  frequency  shifter  in  integrated  optics  is  the  single  sideband 
(SSB)  modulator  [7].  This  however  is  a  complicated  waveguide  structure  requiring 
highly  stable  quadrature  driving  signals  to  ensure  suppression  of  unwanted  sidebands. 
The  conversion  efficiency  and  stability  requirements  of  such  a  device  make  it 
impractical  to  use  in  a  fibre  optic  gyro.  Another  alternative  SSB  modulator  has  been 
devised  by  Heismann  [8],  but  this  appears  to  be  rather  complicated  and  hence  costly  to 
construct. 

The  simplest  active  device  to  make  in  integrated  optics  is  the  phase  shifter.  For 
this  reason  we  looked  for  an  approach  that  was  in  principle  the  same  as  the  frequency 
nulling  approach  but  which  utilised  only  simple  phase  shifters.  A  modelling  programme 
[9]  revealed  that  serrodyne  phase  ramps  applied  to  phase  shifters  should  give  similar 
results  to  those  obtained  with  acousto-optic  modulators  when  employed  in  a  fibre  optic 
gyroscope,  and  early  experiments  confirmed  the  feasibility  of  such  an  approach.  The 
serrodyne  fibre  optic  gyroscope  has  since  been  chosen  for  our  main  line  development 
programme. 

4 . 4  The  serrodyne  gyro 

A  serrodyne  modulator  achieves  a  phase  shift  by  driving  a  phase  modulator  with  a 
linear  ramp  [10].  This  ramp  is  periodically  reset  to  zero  when  the  applied  phase 
reaches  2n .  Under  this  condition,  there  is  an  induced  frequency  shift  in  the  light 
passing  through  the  phase  shifter  which  is  equivalent  to  the  repetition  frequency  of 
the  applied  ramp.  In  this  respect  the  serrodyne  modulator  can  be  regarded  as  behaving 
in  the  same  way  as  an  acousto-optic  frequency  shifter  in  a  bulk-optic  gyro. 

However  it  is  easier  to  consider  the  serrodyne  modulator  as  a  phase  shifter.  The 
serrodyne  phase  modulator  is  situated  at  one  end  of  the  loop  'replacing  the  frequen''y 
shifter  in  Fig.  5),  and  so  the  phase  shift  is  applied  to  one  beam  (Fig.  6),  at  a  time 
equal  to  the  delay  time  of  the  Hbre,  before  the  other  beam.  Thus  a  differential 
phase  shift  will  appear  between  the  two  beams.  The  magnitude  of  this  phase  shift  is 
dependent  on  the  slope  of  the  applied  ramp.  If  the  magnitude  of  the  ramp  is  kept 
constant  then  the  applied  phase  shift  is  linearly  proportional  to  the  frequency  of  the 
ramp. 
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Fig.  6  The  serrodyne  Ramp 

There  are  however  a  few  problems  associated  with  serrodyne  modulation.  In 
partici^lar  the  peak  phase  shift  applied  by  the  ramp  needs  to  be  maintained  at  2t, 
and  the  flyback  time  of  the  ramp  should  be  kept  as  short  as  possible.  It  is  also 
necessary  to  maintain  linearity  of  the  ramp.  These  errors  and  the  associated  detector 
signal  are  depicted  in  Fig.  1,  and  have  been  modelled  by  the  group  at  British 
Aerospace  [9].  Practical  tests  on  early  serrodyne  gyroscopes  show  that  these  error 
sources  can  be  overcome  [111. 


Fig.  7  Serrodyne  Error  Sources 

In  particular  if  the  amplitude  of  the  serrodyne  ramp  changes  for  any  reason 
(temperature,  etc.),  a  pulse  appears  at  the  output  at  a  frequency  equal  to  the 
serrodyne  frequency  and  with  a  width  equal  to  the  time  delay  of  the  fibre.  This  can 
be  used  to  control  the  point  at  which  the  ramps  are  reset  and  hence  maintain  the 
desired  2ii  amplitude  using  a  loop  to  correct  the  ramp  amplitude  and  null  the  pulse. 

Strong  effort  has  been  made  in  designing  the  electronics  to  keep  the  flyback  time 
to  less  than  ISnsecs.  This  keeps  the  error  associated  with  this  parameter  small  and 
its  effect  is  insignificant  until  the  rates  to  be  detected  reach  SOO'/Sec,  at  which 
point,  for  most  applications,  accuracy  becomes  less  critical. 

4.5  The  gyro  output  interface 

Each  time  the  serrodyne  ramp  reaches  2*  a  threshold  detector  generates  a  pulse 
to  reset  the  ramp.  The  reset  pulse  appears  on  one  of  two  output  lines  from  the 
serrodyne  ramp  generator  (Fig.  8),  depending  on  whether  there  are  positive  or  negative 
ramps,  corresponding  to  a  clockwise  or  anti-clockwise  rotation.  These  pulses  are  fed 
to  an  up/down  counter.  Since  the  pulses  appear  at  the  same  frequency  as  the  serrodyne 
ramp,  we  can  measure  the  frequency  of  these  pulses  -  this  will  give  a  rate  output. 
However  each  individual  pulse  represents  a  fixed  small  incremental  angular  movement, 
and  thus  the  total  pulse  count  can  be  used  as  a  measure  of  current  angular  position. 
Frequency  and  hence  rate  can  be  measured  by  dividing  the  counts  by  the  integration 
time. 
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Fig.  8  The  Counter  and  the  Output  Interface 

In  order  to  make  measurements  from  the  gyroscope  easy  for  the  user  we  use  a 
microprocessor  to  control  the  pulse  counting.  The  microprocessor  reads  the  up/down 
counters  at  regular  intervals  and  accumulates  the  total  in  its  memory;  it  also  keeps 
track  of  the  number  of  clock  periods  over  which  the  total  is  being  taken.  When  the 
user  demands  a  measurement  the  microprocessor  is  used  to  calculate  the  rate  or 
position  from  the  stored  data.  This  value  is  then  multiplied  by  the  gyro  scale  factor 
and  sent  to  the  user  who  has  the  option,  by  use  of  a  coded  request  signal,  of 
receiving  position  or  rate  information. 

5.  CONSTRUCTION  AND  COMPONENTS 

In  the  prototype  gyroscope  we  describe  here,  we  have  chosen  to  use,  wherever 
possible,  components  which  are  readily  available  from  suppliers  to  the  telecommunica¬ 
tions  industry.  The  exception  to  this  is  the  integrated  optics.  We  at  present  have 
integrated  optic  phase  shifters  and  modulators  made  for  us  to  our  specification  by 
various  UK  companies.  The  performance  of  all  the  components  that  we  use  in  the 
prototype  gyro  match  as  closely  as  possible  that  required  by  a  production  gyroscope. 
The  components  are  packaged  to  the  requirements  of  the  communications  industry  and  so 
their  size  is  larger  than  we  would  like. 

The  cost  of  the  components  that  we  currently  use  is  rather  high,  since  most  of  them 
are  state  of  the  art  devices  at  1300nm.  With  the  introduction  of  volume  production 
the  price  of  such  components  will  fall.  We  ate  in  some  ways  dependent  for  this  on  the 
expansion  of  local  area  network  (LAN)  usage  of  fibre  optics  at  1300nm,  but  the  gyro 
market  we  are  aiming  at  should  be  sufficiently  large  by  itself  to  force  the  fall. 


Fig.  9  Gyroscope  components 

The  constituent  components  of  a  prototype  gyroscope  are  shown  schematically  in  a 
typical  configuration  in  Fig.  9.  The  gyro  light  source  is  coupled  to  one  port  of  an 
integrated  optic  Y-branch.  The  Y-branch  output  passes  through  a  polar iser  and  then  to 
another  Integrated  optic  circuit  consisting  of  a  Y-branch  and  two  phase  shifters.  The 
High  Birefringence  polarisation-maintaining  (HlBl)  fibre  coil  is  coupled  to  the  output 
waveguides  of  this  chip.  The  detector  is  coupled  via  fibre  to  the  second  port  of  the 
first  coupler  to  receive  light  returning  from  the  gyro. 
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5. 1  Source 

The  source  is  a  single-mode  fibre-pigtailed  edge  emitting  diode  (ELED)  operating 
at  1300nm  wavelength  with  an  output  of  typically  8uW  from  the  fibre.  We  use  an  ELED 
to  minimise  the  effect  of  coherent  back  reflections  which  occur  from  interfaces 
between  fibres  and  integrated  optic  components  in  the  gyro.  It  also  reduces  the 
effects  of  Rayleigh  backscatter  from  the  fibre  and  to  a  limited  extent  the  optical 
Kerr  effect  which  causes  a  bias  if  the  counter-propagating  beams  ate  of  different 
intensity  [12]. 

Because  scale  factor  in  the  frequency  nulling  gyro  is  directly  proportional  to 
wavelength,  it  is  necessary  to  ensure  that  the  wavelength  remains  stable  to  the 
required  level.  It  is  also  necessary  to  ensure  that  the  source  wavelength  is 
accurately  matched  to  the  fibre's  absorption  and  second  mode  windows.  The  temperature 
dependence  of  the  wavelength  of  an  ELED  is  typically  -Inm/'C  and  so  we  use  a  source 
with  a  thermo-electric  cooler,  to  maintain  the  ELED  at  a  constant  temperature  and 
hence  wavelength. 

The  disadvantages  associated  with  the  use  of  a  cooler  are  the  increased  power 
consumption  since  the  cooler  is  continually  pumping  heat  away  from  the  ELED,  and  the 
increased  gyro  start-up  time  required  as  the  cooler  cools  the  ELED  down.  However  this 
does  not  prevent  the  gyro  working  as  soon  as  it  is  turned  on,  but  reduces  its  initial 
scale-factor  accuracy. 

5 . 2  Detector 


The  Inherent  detection  limitation  in  a  fibre  optic  gyroscope  is  photon  shot 
noise.  To  approach  this  limit  the  noise  introduced  by  the  detector  and  its 
pre-amplifier  must  be  kept  to  the  absolute  minimum.  This  is  especially  important  with 
a  low  intensity  source  such  as  the  ELED,  where  the  light  intensity  reaching  the 
detector  is  very  low.  Excess  noise  due  to  leakage  current  in  the  detector,  or 
excessive  DC  light  returning  to  the  detector  from  back-reflections  increases  the 
random  walk  figure  of  the  gyro.  The  commercially  available  inGaAsP  detector  used  in 
the  prototype  gyroscope  has  a  InA  dark  current  at  room  temperature  which  increases  by 
a  factor  of  10  at  80  Degrees. 

A  multimode  fibre  is  fixed  near  the  centre  of  the  active  area  of  the  detector 
which  is  on  a  ceramic  sub-mount.  The  detector  sub-mount  is  mounted  directly  onto  a 
low-noise  wlde-band  transimpedance  pre-amplifier  designed  for  detection  of  both  the  AC 
dither  frequency  and  error  control  signals.  The  complete  detector  and  head-amplifier 
are  mounted  in  a  carefully  screened  enclosure. 

5.3  Fibre  and  coil  design 

In  order  to  ensure  reciprocal  propagation  throughout  the  fibre  coil  HiBi  single¬ 
mode  fibre  is  employed  in  the  gyroscope.  This  also  serves  to  minimise  the  effect  of 
the  earth's  magnetic  field  [13]  on  the  phase  shift  in  the  fibre  coil.  It  also 
prevents  total  signal  fade  since  the  polarisation  state  is  preserved  whilst  propa¬ 
gating  through  the  fibre  [14].  The  fibre  is  currently  wound  on  an  aluminium  former 
and  techniques  have  been  employed  during  the  winding  to  ensure  a  low  winding-  induced 
mode-coupling  and  to  minimise  the  effect  of  temperature  on  loss  and  polarisation 
cross-coupling  between  the  two  modes  in  the  fibre.  Measurements  have  been  made  to 
determine  the  nature  of  any  excess  cross-coupling  in  the  coils  using  a  method  proposed 
by  Takada  [15]:  we  have  found  there  is  only  a  very  small  amount  of  winding-induced 
cross-coupling  "-lOdB. 

5.4  Polariser 


A  high  extinction  polariser  is  required  [16]  in  the  input/output  arm  of  the 
gyroscope  to  prevent  light  propagating  in  the  unwanted  mode  and  reaching  the 
detector.  We  have  chosen  a  metallised  fibre  polariser  [17]  since  very  high  extinction 
ratios  (>40dB)  are  achievable  in  very  short  lengths  and  the  polarisers  are  easy  to 
splice  into  the  system. 

5. 5  Integrated  optics 

Two  Titanium  In-diffused  Lithium  Miobate  integrated  optic  circuits  have  been  used 
in  the  gyro  for  the  Y-branch  beam-splitters  and  the  phase-shifters.  The  chip  for  the 
first  beam-splitter  in  the  gyro  contains  just  a  simple  Y-junction.  The  second  chip 
contains  a  Y-branch,  and  on  each  of  the  two  output  branches  of  the  Y  there  is  a 
phase-shifter  (Fig.  10). 


Phase  Shifter 


Fig.  10  Integrated  Optics 

The  ends  of  both  chips  are  polished  at  an  angle  to  ensure  that  any  reflections 
generated  at  the  interfaces  do  not  couple  back  into  the  waveguides.  Such  reflections 
would  form  spurious  Hichelson  interferometers,  which  could  interfere  with  the  primary 
beam  to  produce  a  secondary  signal  at  the  detector.  This  signal  would  be  synchronous 
with  the  required  signal  and  produce  a  bias.  The  integrated  optics  are  mounted  on 
ceramic  substrates  for  stability  and  ease  of  coupling  to  fibres. 

Special  alignment  and  bonding  equipment  has  been  developed  to  join  the  HiBi  fibres 
to  the  integrated  optics.  The  alignment  system  is  used  to  align  the  axes  of  the  fibre 
to  the  axes  of  the  waveguides  sufficiently  accurately  to  ensure  that  the  cross¬ 
coupling  between  the  axes  at  the  joins  is  adequate  to  obtain  the  specified  bias  and 
bias  drift  performance.  In  addition,  because  the  chip  is  polished  at  an  angle,  we 
must  ensure  that  during  alignment  the  angle  between  the  fibre  and  the  waveguide  is 
correct  to  ensure  maximum  coupling  between  the  fibre  and  the  integrated  optics,  and 
that  no  reflected  light  is  coupled  into  the  fibre-core  or  waveguide.  Any  excess  loss 
when  using  an  ELED  as  a  source  becomes  increasingly  critical  owing  to  the  initial  low 
level  of  light  from  the  source.  The  alignment  equipment  consists  of  mechanical 
positioners  and  a  polarisation  detection  system  utilising  optical  techniques  similar 
to  those  published  by  Barlow  [18]  for  fibre  characterisation. 

Once  the  fibre  and  integrated  optics  are  aligned  correctly  they  are  bonded  with  a 
UV  curing  adhesive,  whose  refractive  index  closely  matches  that  of  the  fibre,  between 
the  cleaved  fibre  end  and  the  integrated  optics  end  face.  An  additional  adhesive 
support  is  also  used  a  few  millimetres  down  the  fibre  from  the  integrated  optics  to 
strengthen  the  fibre  joint. 

5.6  Electronics 


The  electronics  associated  with  the  gyro  includes  power  supplies  for  the  ELED  and 
associated  cooler,  a  pre-amplifier  to  amplify  the  detector  signal,  and  analogue  signal 
processing  and  control  system,  and  a  digital  counting  and  interface  system. 

The  digital  electronics  has  been  constructed  entirely  of  surface  mounted 
components  to  minimise  the  circuit  size.  All  these  components  including  the 
microprocessor  are  CMOS  devices  to  ensure  low  power  consumption.  Power  consumption  is 
an  even  more  critical  requirement  when  the  electronics  are  mounted  in  close  proximity 
to  the  fibre  coil,  since  thermal  gradients  in  the  coil  produce  non-reciprocal  phase 
shifts  which  represent  a  bias  drift  in  the  gyroscope  119].  Compromises  have  been  made 
between  power  consumption,  size  and  speed  in  the  analogue  electronics  but  where 
possible  low  power  and  surface  mounted  devices  have  been  used. 

6.  ASSEMBLY 

The  prototype  gyroscope  has  been  designed  to  be  assembled  complete  with  its 
electronics  into  a  single  housing.  A  modular  approach  to  the  design  has  been  taken  to 
ensure  easy  assembly  and  testing  and  if  necessary  easy  modification.  The  gyroscope  is 
assembled  into  four  basic  modules: - 

1.  Electronics. 

2.  Source,  detector  and  first  Y-btanch. 

3.  Polarlser,  integrated  optics  Y-btanch  and  modulators. 

4.  Coil  assembly. 

The  optical  paths  of  the  modules  ate  first  joined  using  the  alignment  and  glueing 
techniques  described  above.  The  mechanical  assembly  of  the  modules  is  then  straight¬ 
forward,  coiling  excess  fibre  between  modules  and  securing  where  necessary.  The 
integrated  optics  modules  ate  positioned  inside  the  fibre  coil,  whilst  the  source 
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and  detector  and  all  the  electronics  are  located  above  the  coil.  The  whole  assembly 
is  housed  in  a  metal  enclosure  with  a  25-way  micro-miniature  connector  to  convey  power 
to  the  gyro  and  data  from  the  gyro.  Fig.  11  below  shows  a  photograph  of  the  prototype 
gyroscope  with  the  outer  case  removed. 


Connector 


Laser  and 
Detector 


'  Fibre  Coil 


Fig.  11  Drawing  of  the  Assembled  Gyro 


7.  PERFORMANCE 

The  performance  of  the  gyroscope  has  so  far  been  measured  at  room  temperature  in 
terms  of  rate  response,  random  walk,  bias  and  drift. 

7.1  Bias 

The  bias  was  measured  over  both  short  and  long  periods.  In  order  to  assess  the 
statistical  behaviour  of  the  noise,  a  large  amount  of  consecutive  data  was  saved  using 
a  computer.  Since  this  data  was  consecutive  it  was  possible  to  group  several  data 
points  together  as  if  different  integration  times  were  used  for  the  data  collection. 
Using  typically  50,000  data  points  taken  over  a  half  hour  period,  we  were  able  to 
produce  a  plot  of  the  magnitude  of  the  1  Sigma  noise  magnitude  vs  integration  time. 
Systematic  drift  (noise)  can  then  be  isolated  from  random  walk;  since  random  walk  is 
a  statistical  process  which  increases  as  the  square-root  of  sample  time. 

Figures  12  and  13  below  show  the  raw  noise  data  as  received  from  a  gyro,  with  bias 
offset  removed,  together  with  the  RMS  noise  data  plotted  for  three  integration  times. 
The  bias  offset  is  caused  mainly  by  residual  alignment  errors  and  a  small  electronic 
bias. 


Fig.  12  Drift  in  the  Gyro 


Sample  Time  Secs 


Fig.  13  RMS  and  Random  Walk 

7 . 2  Rate  sensitivity 

The  rate  sensitivity  was  measured  by  applying  rate  over  a  constant  time  interval 
and  measuring  the  average  output  frequency  of  the  gyro  over  this  interval.  The 
readings  were  used  to  make  scale-factor  (Pig.  14),  and  scale-factor  error  plots  (Fig. 
15).  The  non-linearity  of  the  scale-factor  over  the  range  of  rates  for  which  the 
prototype  gyroscope  was  designed  to  operate  is  shown  clearly  in  Pig.  15  where  the 
expected  frequency  calculated  from  the  average  slope  of  the  graph  in  Fig.  14  has  been 
subtracted  from  the  actual  reading  at  each  rate  to  show  the  output  error.  The  data 
from  which  the  figures  were  plotted  have  NOT  been  corrected  to  compensate  for  the 
previously  mentioned  serrodyne  error  sources. 
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Fig.  15  Scale  Factor  Non-linearity 
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8.  NEXT  STAGE 

Steps  ace  being  taken  in  the  future  to  correct  for  source  wavelength  instability, 
in  particular  to  provide  temperature  monitoring,  and  also  change  the  source  to  a  fibre 
laser  [2],  which  has  a  much  more  stable  wavelength,  slightly  reduced  linewidth,  and 
increased  power,  without  the  need  for  cooling.  In  addition  work  will  continue  to 
reduce  the  size  of  the  fibre  coil  to  a  size  closer  to  that  of  present-day  gyroscopes. 
The  electronics  can  be  further  integrated  using  custom  logic  arrays  and  customised 
analogue  cells.  The  source  can  be  integrated  with  its  driving  circuitry,  and  likewise 
the  detector  pre-amp  can  be  integrated  in  a  similar  way  to  current  PIN-FET  receivers 
in  use  in  the  telecommunications  Industry. 

9.  CONCLUSIONS 

A  prototype  serrodyne  fibre  optic  gyroscope  has  been  described  which  has  been 
produced  as  an  intermediate  stage  in  the  development  of  a  gyroscope  for  missile 
guidance  and  control  applications. 

t  has  been  demonstrated  that  the  performance  of  the  chosen  architecture  is 
suitable  for  this  application.  The  use  of  serrodyne  modulation  has  enabled  a 
sensitive  gyroscope  to  be  built  with  a  suitably  high  dynamic  range.  Careful  selection 
of  components  and  the  chosen  polarisation  system  together  with  careful  alignment 
techniques  has  kept  the  bias  to  a  sufficiently  low  level. 

The  architecture  can  be  improved  by  the  addition  of  a  more  stable  light  source  to 
eliminate  scale  factor  changes,  whilst  all  the  components  can  be  reduced  in  size  by 
utilizing  well-known  integration  techniques. 

Finally  the  microprocessor  and  the  digital  electronics  can  be  used  to  make  any 
necessary  error  corrections  for  output  to  digital  guidance  and  control  systems. 
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ABSTRACT  ^ 

The  lateral  acceleration  requirement  of  a  ^t-to-kilP  terminally-guided  sub>inunition  (TGSM) 
aimed  at  hitting  tanks  near  the  top  is  examined.  An  analytic  development  of  proportional 
navigation  against  stationary  targets  shows  that  a  TGSM  flying  level  at  150  m  above  the  ground 
can  hit  a  target  150  m  in  firont  of  it  with  near  vertical  impact  and  without  acceleration  saturation  if 
it  can  pull  an  initial  13.6  g.  With  acceleration  saturation,  a  hit  is  theoretically  possible  with  6.8  g. 
TGSM  configurations  capable  of  hitting  stationary  and  moving  targets  are  then  defined  and  tested 
with  a  nonlinear  6-DOF  computer  simulation.  The  footprint  of  a  selected  configuration  is 
provided.  It  is  observed  that  the  10-g  configuration  is  sufficient  to  hit  most  stationary  and  moving 
tanks  likely  to  be  found  on  the  battlefield  with  impact  angles  above  60^  and  reasonable  angles  of 
attack. 
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A 

TGSM  lateral  acceleration  (m/s^) 

R 

Range  (m) 

%o 

Normal  force  coefficient  derivative  (^) 

Vt 

Target  velocity  (m/s) 

Cn5 

Normal  force  coefficient  derivative  (/”) 

V 

TGSM  velocity  (m/s) 

^ma 

Pitch  moment  coefficient  derivative  (/*^) 

X 

Downrange  (m) 

^mS 

Pitch  moment  coefficient  derivative  (/*) 

X* 

Static  margin  of  the  airframe  (m) 

^mq 

Pitch  damping  coefficient  derivative 

y* 

Static  margin  of  the  fins  (m) 

h 

Altitude  (m) 

Za 

Normal  force  derivative  (N/*) 

I 

Transverse  moment  of  inertia  (kg-m^) 

Z8 

Normal  force  derivative  (N°) 

Kq 

Aerodynamic  gain  (/s) 

=  ?(/mV  (/<y) 

M„ 

Pitching  moment  derivative  (N-mD 

*6 

=  Zg'mV  (/s) 

Ms 

Pitching  moment  derivative  (N-mT) 

a 

Angle  of  attack  (rad) 

Mq 

Pitch  damping  derivative  (N-m/rad/s) 

6 

Pin  angle  (rad) 

™o 

=  M^  (/s) 

T 

TGSM  heading  (rad) 

mo 

=  Mgfi  (/s) 

Yr 

Target  heading  (rad) 

“q 

=  Mq^  (/s2) 

Damping  ratio 

N 

Navigation  constant 

c 

Line-of-sight  angle  (rad) 

q 

pitch  rate  (rad/s) 

“0 

Weathercock  frequency  (rad/s) 

The  requirement  for  ground  attack  aircraft  to  effectively  engage  multi-vehicle  armoured  targets 
in  both  close  air  support  and  battlefield  interdiction  roles  places  increasing  demand  on  the 
intelligence  and  adaptability  of  the  weapon  ^stem  empl<o'ed.  One  solution  to  the  problem  is  the  use 
of  a  weapon  which  consisto  of  a  flying  dispenser  (bus  vehicle)  which  is  released  by  an  aircraft 
some  distance  from  the  target  and  which  subsequently  delivers  a  number  of  smart,  autonomous 
terminally  guided  submimitions  (TGSMs)  into  the  target  area. 

Two  weapon  concepts  are  currently  investigated  as  solutions  to  the  problem;  (1)  "shoot-to-kill" 
sensor  fuzed  munitions  which,  following  release  from  the  bus  vehicle,  climb  to  provide  the  altitude 
they  require  for  target  search,  deploy  a  parachute  to  stabilize  vertical  descent,  rotate  an  off-set 
detector  about  the  vertical  while  scanning  the  ground  in  a  decreasing  spiral  scan,  and  fire  a  high 
velocity  slug  at  the  target  upon  acquisition;  and  (2)  "hit-to-kill”  aerodynamically  controlled 
submunitions  equipped  with  a  seeker  which  guide  to  the  target  and  detonate  a  shaped  charge 
warhead  at  impact 

This  paper  considers  the  lateral  acceleration  requirement  for  a  TGSM  to  hit  stationary  and 
moving  targets  from  a  near  vertical  dive.  This  approach  is  dictated  by  the  improved  warhead 
effectiveness  obtained  when  hitting  the  top  armour.  This  adds  two  constraints  to  the  conventional 
guidance  problem:  steep  impact,  and  minimum  angle  of  attack  at  impact. 

RELEASE  OF 
THE  TGSM 


RANGE  (m) 

Figure  1  -  Sketch  of  a  TGSM  attack  scenario. 


scenarios 

When  TGSMs  are  released  from  a  bus  vehicle,  the  scenario  is  many-on-many  in  that  several 
TGSMs  have  to  handle  several  targets  against  various  background  and  levels  of  clutter.  The 
targets  are  armoured  vehicles  6x3x2  m  moving  in  columns  on  roads,  moving  in  clutter,  stationary 
in  clutter  (engine  running)  and  stationary  in  clutter  (engine  ofD. 

If  one  considers  one  TGSM  only,  the  scenario  becomes  one-on-many.  A  typical  TGSM  attack 
scenario  is  shown  in  Fig.  1.  Its  fUght  comprises  three  phases;  (1)  the  fly-out  phase  during  which  the 
bus  vehicle  is  dispensed  firom  the  aircraft  and  flies  up  to  reach  a  fixed  altitude  h  at  which  the  TGSM 
are  released.  Upon  release,  the  TGSM  initiates  the  deployment  of  its  lifting  and  control  surfaces 


and  becomes  ready  for  target  search;  (2)  the  search  phase  during  which  it  flies  level  (or  glide) 
while  scanning  the  ground  for  a  target;  and  (3)  the  terminal  homing  or  track  phase  during  which  it 
guides  to  hit  the  target  During  the  terminal  homing  guidance  phase,  the  scenario  is  one-on-one. 


Figure  2  -  Search  and  initial  conditions  for  terminal  homing  guidance. 

SearrihPliaae 

The  search  phase  is  certainly  the  one  that  demands  the  most  from  sensor  and  signal  processing 
technology.  The  seeker  located  at  the  front  end  of  the  TGSM  must  search  the  ground,  inspect  all 
returns,  take  the  target  signatures  out  of  the  clutter,  discriminate  countermeasures,  and  make  a 
decisition  on  the  validity  of  the  targets.  This  is  a  formidable  problem  which  is  not  discussed  here. 
However,  there  are  characteristics  of  the  search  phase  which  impact  on  the  terminal  homing  phase 
and  these  will  be  discussed. 

It  is  first  postulated  that  TGSM  is  equipped  with  only  one  seeker  which  can  operate  in  two  modes: 
(l)a  scanning  mode  for  the  search  phase,  and  (2)  a  tracking  mode  for  the  terminal  homing 
guidance  phase. 

Figure  2  depicts  the  geometry  of  the  search  phase.  The  TGSM  is  at  altitude  h  and  flies  level  at 
velocity  V.  The  seeker  searches  the  ground  at  a  look  down  angle  a.  The  maximum  slant  range  R 
at  which  the  target  can  be  detected  is  limited  by  the  detection  range  if  the  seeker  uses  a  millimeter 
wave  radar.  The  altitude  h  is  limited  by  cloud  cover  if  the  seeker  uses  passive  infrared.  If  the  look 
down  angle  is  fixed,  both  h  and  R  are  linked. 

The  velocity  V  of  the  TGSM  is  also  limited  by  the  characteristics  of  the  search  mode.  From  altitude 
h  and  level  flight,  any  stationary  object  on  the  ground  will  appear  as  moving  angularly  at  angular 
speed 

if  =-^Bm  o  [1] 

n 

If  the  look  angle  is  45°  and  the  maximum  gimbal  rate  of  the  seeker  is  25°/s,  then,  for  h  =  150  m,  [1] 
yields  V/h  =  0.873.  Beyond  this  value,  any  attempt  to  eventually  track  a  target  is  hopeless.  Since 
moving  targets  are  also  considered,  the  relative  velocity  must  account  for  some  inbound 
component  of  target  velocity.  For  h  =  150  m,  and  inbound  target  velocities  of  20  m/s,  the  TGSM 
velocity  cannot  exceed  110  m/s. 
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A  terminal  homing  guidance  law  that  will  guide  the  TGSM  to  a  near  vertical  hit  with  the  tank  must 
now  be  determined.  Homing  guidance  is  a  "two-point  guidance"^  and  in  this  case,  only  the 
relative  positions  and  velocities  of  the  target  and  TGSM  are  important.  Homing  guidance  uses 
line-of-sight  angles  (or  rates)  to  home  on  the  target  In  the  plane,  the  geometry  of  the  homing 
guidance  is  described  by  the  following  relations: 


V,p  sin  (y  -  <y)  -  V  sin  (y-  a) 

ft  —  ■  iT  ■  11. 

R 


o  = 


[21 


R  =  V.J.  sin  (y  -  a)-  V  cos  (y  -  o) 


[3] 


In  homing  missiles,  the  relation  between  the  line-of-sight  direction  and  that  of  the  missile  velocity 
vector  during  terminal  guidance  is  known  as  the  navigation  law.  Broadly  speaking,  there  are  two 
fundamental  ways  of  implementing  terminal  guidance:  pursuit  and  collision  homing. 

In  pursuit  navigation,  the  missile  always  heads  towards  the  target  If  the  missile  attitude  is 
maintained  directed  toward  the  target,  it  is  attitude  pursuit;  if  the  missile  velocity  vector  is 
maintained  toward  the  taiget,  it  is  velocity  pursuit  In  both  cases,  the  turning  rate  of  the  missile  is 
commanded  equal  to  the  rate  of  change  of  the  line  of  sight  so  that  the  missile  always  turns  during 
the  attack  unless  it  is  head-on  or  tail-on.  Because  of  the  high  manoeuver  requirement  to  end  the 
attack  in  a  tail  chase,  pursuit  navigation  is  not  considered  practical  as  a  homing  guidance  law 
against  moving  targets,  in  spite  of  its  simple  implementation.  One  exception  to  this  would  be  for  a 
target  moving  very  slowly  compared  wi^  the  missile  (e.g.  a  ship)  in  which  case  the  small  miss 
caused  by  the  intense  last  instant  manoeuver  would  still  allow  the  missile  to  hit  the  target. 

Mariners  have  known  for  centuries  that  if  any  object,  moving  or  stationary,  appears  stationary 
and  looms  larger  and  larger,  then  a  collision  is  inevitable  unless  a  change  of  course  is  made.  In  a 
missile-target  engagement,  this  condition  known  as  constant  bearing  navigation  is  realized 
when  the  missile  is  steered  such  that  the  line  of  sif^t  does  not  rotate. 

One  obvious  way  to  attempt  implementation  of  constant  bearing  navigation  is  to  consider  the 
rotation  rate  of  the  line  of  si^t  as  an  error  signal  which  the  missile  drives  to  zero  by  commanding 
a  missile  turning  rate  proportional  to  the  error  signal:  this  is  proportional  navigation.  For  a 
missile  using  proportional  navigation  and  launched  on  a  colUsion  course,  the  initial  turning  rate 
of  the  missile  is  zero.  If  the  target  fails  to  manoeuver  and  the  missile  and  target  velocities  remain 
the  same,  the  missile  will  remain  on  a  collision  course  thus  achieving  constant  bearing 
navigation.  If  the  missile  is  launched  off  a  collision  course,  the  resulting  trajectory  will  have  a 
curvature  dependent  on  the  navigation  constant.  If  the  navigation  constant  is  small,  the  missile 
corrections  are  small  early  in  the  flight  and  it  may  require  ever  increasing  manoeuvers  as  the 
missile  approaches  the  target  For  greater  values  of  N,  the  collision  course  errors  are  corrected 
early  during  flight  so  that  manoeuvers  during  the  terminal  phase  of  the  flight  remain  at  a 
reasonable  level.  N  =  1  is  pursuit  guidance.  N  ^  2  requires  an  infinite  acceleration  in  the  region 
of  terminal  flight^.  N  =  2  is  therefore  a  lower  limit  whereas  for  N  around  8,  the  missile  steers  in 
response  to  very  high  frequency  noise  as  well  as  to  lower  frequency  signals.  As  a  result,  there  is  a 
vast  oversteering  with  a  constant  dither  of  the  controls  and  hi^  drag.  Experience  shows  that  N  =  4 
is  reasonable^. 

Proportional  navigation  has  been  in  use  for  over  three  decades  on  radar,  TV  and  infrared  homing 
missiles  because  of  its  effectiveness  and  its  relative  ease  of  implementation.  Experience  has 
shown  that  proportional  navigation  is  a  very  powerful  tool  against  manoeuvering  targets  such  as 
aircraft.  Theoretical  studies  have  shown  that  it  is  an  optimal  solution  of  the  linear  guidance 
problem  in  the  sense  of  producing  zero  miss  distaitce  for  least  integral  square  control  effort  with  a 
zero  lag  guidance  system  in  the  absence  of  target  manoeuvers^.  This  important  result  gave 
credibility  to  the  use  of  modem  control  theory  as  a  tool  for  deriving  guidance  laws  that  would  prove 
better  than  proportional  navigation  for  non-zero  lag  systems  in  presence  of  target  manoeuvers. 
Most  modem  guidance  laws  tend  to  surpass  proportional  navigation  in  that  they  estimate  target 
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accelerations  and  make  due  account  of  lags  in  the  missile  hardware.  However,  they  requires 
more  precise  tracking,  and  more  sophisticated  sensors  and  instrumentation  on-board  the  missile. 
However,  modem  control  laws  have  the  insuperable  advantage  of  requiring  less  acceleration  than 
proportional  navigation  to  hit  a  manoeuvering  target 

One  modem  guidance  law  worth  mentioning  is  that  proposed  by  Kim  &  Gridder^.  It  is  designed  to 
both  minimize  miss  distance  and  maximize  attitude  angle  at  impact.  Some  prior  simulations'^  of 
this  guidance  law  have  dhown  that  it  is  very  effective  in  adueving  both  constraints  when  a  missile 
is  launched  from  high  altitude.  In  this  sii^tion,  the  ideal  collision  and  vertical  attitude  impact 
courses  are  almost  in  coincidence  and  there  is  no  difficulty  in  meeting  the  two  constraints 
simultaneously.  From  low  altitude,  these  ideal  courses  are  quite  distant  from  one  another  and  the 
guidance  computer  has  to  satisfy  two  contradictory  constraints.  This  causes  oscillations  between 
the  two  tnqectories  and  poor  homing  accuracy. 

As  a  conclusion,  pursuit  guidance  laws  are  too  inaccurate  whereas  modem  guidance  laws  require 
too  much  input  data  and  computing  power.  Proportional  navigation  is  therefore  selected  as  the 
steering  law  for  the  TGSM. 


AOrKT  JJtATION  AND  IMPACT  ANGLE 

In  proportional  navigation,  the  TGSM  heading  rate  is  made  proportional  to  the  line-of-sight  rate  in 
an  attempt  to  null  it: 


Y  =  N  d  or  Y  =  N  o  +  [4] 

When  coupled  with  the  geometry  of  Fig.  2  and  TGSM  control  dynamics,  equations  [2],  [3]  and  [4] 
become  impossible  to  solve  mathematically  and  require  modeling  on  computers.  The  problem  can 
be  simplified  and  useful  qualitative  results  can  be  produced  considering  a  linear  model  for  the 
homing  head  (perfect  information)  and  all  TGSM  characteristics.  However,  for  a  fixed  target,  one 
can  solve  the  proportional  navigation  equations  analytically  and  find  a  simple  relation  between 
the  initial  altitude  and  look  down  angle  on  one  hand,  and  the  maximum  acceleration  and  the 
impact  angle  on  the  other  hand. 

Sohitkmaffha  2.nPmnnrtioBal  Navteifini.  PnrAlwn 

Put  the  reference  direction  in  coincidence  with  the  initial  line  of  sight  and  put  Vj  s  0  in  [2]  and  [3], 
Then  take  the  derivative  of  [2]  with  respect  to  time.  Ibe  result  is 


Ro  +(2-N)R  a=0 


[5] 


an  exact  differential  that  solves  for 


a  = 


and  Y  =  Yo 


[6] 


Equation  [6]  shows  that  for  N^,  the  heading  rate  (and  therefore  the  acceleration)  is  maximum  at 
the  beginning  of  the  flight  and  decreases  to  zero  at  the  end  of  it  (when  R=0).  Equating  [2]  and  [6] 
now  yields  for  the  end  of  the  flight 


[7] 
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Prom  the  perepective  of  the  target,  the  final  heading  of  the  TGSM  is  always  at  an  angle  Y(/N-l 

above  the  initial  line  of  si^t.  If  one  draws  a  diagram  of  TGSM  altitude  h  versus  the  downrange  x 
of  the  target  when  the  terminal  phase  is  initiated,  curves  of  constant  impact  angle  are  straight  lines 
fh)m  the  origin  whereas  the  curves  of  maximum  acceleration  are  circles  tangent  to  the  origin  as 
shown  in  Fig.  3  for  N  s  4  and  V  =  100  m/s.  In  this  figure,  the  curves  of  constant  impact  angle  are 
given  for  20,  40,  60  and  80®  whereas  the  curves  of  constant  maTimiiTn  acceleration  are  given  for  3 
6, 10  and  log's. 


Figure  3  -  Curves  of  constant  impact  angles  and 
constant  lateral  accelerations. 

Figure  4  is  a  zoom  of  Figure  3  in  the  range  of  operation  of  the  TGSM  where  the  thick  line  with  the 
arrow  at  an  altitude  of  150  m  shows  the  tnyectory  followed  1^  the  TGSM  during  the  search  phase. 
For  ^is  tr^ectory,  impact  angles  from  50  to  60®  are  possible  depending  on  the  time  required  for 
acquisition.  For  the  same  trigectory,  the  acceleration  requirement  varies  from  9.8  to  13.6  g's. 


Figure  4  -  Zoom  of  Rgure  3  in  the  neighboihood  of  the  target. 
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Thia  development  of  the  equations  of  proportional  navigation  is  valid  for  a  stationary  target  and 
gives  the  acceleration  that  a  TGSM  must  pull  at  the  beginning  of  the  terminal  guidance  phase  in 
order  to  hit  the  target  without  acceleration  saturation.  However,  a  hit  can  still  be  achieved  even  in 
presence  of  acceleration  saturation. 

Mlnlimim  AiwuUrratfam  fiawaKnitv 


If  13.6  g  is  the  acceleration  capability  required  to  hit  a  stalionary  target  at  x  s  150  m  from  an 
altitude  of  150  m  without  acceleration  saturation,  there  is  also  a  minimum  acceleration  below 
which  no  hit  is  possible.  At  this  minimum  acceleration,  the  TGSM  will  fly  a  circular  path  of  150-m 
radius.  It  will  be  acceleration  saturated  100%  of  the  time  of  flight  and  will  hit  the  tank  from  the 
vertical  while  pulling  maximum  acceleration  (a  sizeable  angle  of  attack).  This  minimum 
acceleration  capability  is  6.8  g. 


FRKIJMIWABYDBSIGW 

Like  missiles  and  aircraft,  TGSMs  fly  aerodimamically:  their  velocity  vectors  are  rotated  by  the 
application  of  a  transverse  acceleration  resulting  from  the  application  of  a  transverse  force  Gift). 
lift  is  governed  by  the  angle  of  attack  of  the  airframe  in  the  flow  field  and  the  angle  of  attack  is 
produced  by  the  deflection  of  the  control  surfaces.  Lift  is  produced  in  a  non-linear  proportion  to  the 
control  surface  deflection  and  so  is  the  turning  rate  achieved. 

It  was  show  that  the  TGSM  will  have  to  execute  an  initial  manoeuver  of  13.6  g  at  the  beginning  of 
the  track  phase  in  order  to  hit  a  stationary  target  without  acceleration  saturation.  It  was  also  shown 
that  this  condition  is  not  essential  for  a  hit,  and  that  6.8  g  is  theoretically  sufficient. 

What  is  the  acceleration  requirement  if  the  target  is  moving  inbound  at  20  m/s?  An  initial 
acceleration  of  16.3  g  will  be  commanded  at  the  beginning  of  the  flight  in  order  to  fly  a  N  =  4 
proportional  navigation  course  without  acceleration  saturation.  This  requirement  is  not  quite 
feasible  for  a  TGSM  flying  at  low  speed  (100  m/s)  in  a  regime  where  the  aerodynamic  forces 
developed  by  the  lifting  and  control  surfaces  are  small.  Simulations  of  the  TGSM  trajectories  are 
necessary  but,  before  this  is  done,  some  of  its  properties  must  be  determined. 

Sfa».  Maze  and  Tui-artial  Pronertfaia 

The  TGSM  will  carry  a  shaped-charge  warhead  and  an  impact  fuze  that  need  to  be  efective  against 
tank  targets.  It  is  common  knowledge  that  a  charge  diameter  that  can  have  effectiveness  is  15  cm, 
and  the  diameter  of  the  TGSM  is  set  to  0.15  m. 

Since  the  warhead  is  the  heaviest  component  of  the  TGSM,  there  are  advantages  in  locating  it  near 
the  geometric  center  of  the  TGSM.  Allowing  about  three  charge  diameter  for  the  formation  of  the 
warhead  jet,  this  puts  the  geometric  center  of  the  TGSM  about  .45  m  behind  the  impact  fuze.  Let  the 
length  of  the  TGSM  be  1.0  m. 

By  scaling  down  the  physical  properties  of  the  Maverick  airframe,  the  weight  of  the  TGSM  should 
be  about  20  kg  and  its  transverse  moment  of  inertia  (I  -  mL^A2)  should  be  about  1.6  kg-m^. 

Steerimf  Policy 

Two  steering  policies  are  used  in  the  design  of  tactical  missiles:  ”skid-to-tum"  (STT)  and 
"bank-to-tum"  (BTT).  BTT  systems  operate  like  airplanes  and  need  not  be  of  symetrical 
cross-section.  They  may  have  only  two  in-line  lifting  and  control  surfaces,  and  they  roll  their  best 
menoeuver  plane  into  the  direction  of  the  desired  manoeuver  to  effect  it.  Tliou^  very  effective,  the 
reaction  may  be  slow  and  it  requires  a  roll  demand  autopilot 

In  STT  systems,  the  missile  is  usually  cruciform  with  four  lifting  and  control  surfaces  either 
in-line  or  interdigitated.  They  perform  their  manoeuvers  in  each  of  the  two  orthogonal  planes, 
pitch  and  yaw.  When  roll-position  stabilized,  the  motion  in  the  pitch  and  yaw  planes  are 
uncoupled,  and  their  position  relation  with  respe^  to  the  horizontal  and  vertical  planes  in  space  is 
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simple  and  invariant.  If  the  missile  is  allowed  to  roll,  both  instrumental  and  aerodynamic 
cross-couplings  become  a  significant  source  of  degradation. 

For  simplicity  and  low  cost,  the  TGSM  will  be  fitted  with  an  STT  cruciform  configuration  with 
in-line  lifting  and  control  surfaces.  Additionally  no  roll  autopilot  will  be  used.  If  the  roll 
damping  of  the  airframe  is  insufficient,  it  can  be  increased  with  rollerons. 

Cmrtniiliiralaoa 

The  control  surfaces  can  be  positioned  well  forward  (canard  control),  near  the  middle  (wing 
control)  or  far  aft  of  the  airframe  (tail  control).  Wing  control  is  easily  ruled  out  because  of  the  size 
of  the  servo-systems  it  requires.  Despites  its  capability  of  compounding  the  normal  force  produced 
by  the  lifting  and  the  control  surfaces,  canard  control  must  be  niled  out  too  since  the  servo-systems 
would  have  to  be  located  between  the  warhead  and  the  seeker. 

Tail  control  is  selected  because  the  servo-systems  can  easily  be  installed  in  the  aft  portion  of  the 
TGSM.  It  does  not  have  the  capability  of  canard  control  in  producing  acceleration  but  it  may  be 
quite  stable  in  a  configuration  where  the  center  of  gravity  does  not  move  owing  to  fuel 
consumption. 

AgmdvmiTiAw  in  thatritrli  rUtmt, 

In  the  absence  of  roll,  the  linearized  force  and  moment  equations  in  the  pitch  plane  read  as  follows: 
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Neglecting  the  contribution  of  m^  (it  is  generally  a  small  term),  [8]  can  be  solved  for  a  and  q 

yielding  two  oscillatory  modes  of  the  TGSM.  However,  it  is  more  interesting  to  solve  for  the 
turning  rate 
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The  steady  state  gain  of  the  heading  rate  is  then 
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Static  Manrin  and  Trim  Statea 
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The  aerodynamic  forces  on  an  airframe  do  not  generally  act  on  the  center  of  gravity.  Lift  forces 
act  on  the  airftame  center  of  pressure  whereas  fin  deflection  forces  act  on  the  center  of  pressure  of 
the  fins.  If  x*  (static  margin)  and  y*  are  defined  as  the  distances  between  the  center  of  gravity  and 
the  centers  of  pressure  of  the  airframe  and  fins,  the  moments  are  related  to  the  normal  forces  as 
follows: 
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Whereas  [12]  and  [13]  relate  with  z^,  and  with  the  moment  equation  at  trim  (no  moment 
acting)  provides  a  relation  between  m^^  and  mg  as  follows: 

q=-ma+m,5  =  0  [14] 

a  5 

If  the  total  incidence  is  limited  to  14°  (and  this  is  soimd  for  a  minimum  incidence  at  impact),  i.e., 
10°  in  the  pitch  plane  and  10°  in  the  yaw  plane,  and  if  the  maximum  fin  deflection  is  20°,  at  trim,  we 

“trim%im  =  =  0-5- 


Figure  5  -  Aerodynamic  Parameters  of  the  TGSM  vs  the  static  margin  x* 
for  various  values  of  acceleration 
(from  top  to  bottom  of  each  graph:  A  =  20, 15  and  lOg) 

Aarfuivnamif!  PWraiiwiter. 

Figure  5  shows  the  variations  of  the  TGSM's  aerodynamic  parameters  as  a  function  of  the  static 
margin  x*  for  three  configurations,  namely  10-g,  16-g  and  20-g.  At  x*  s  0.01  m,  the  weathercock 
frequency  is  very  low  (7.0,  8.64  and  9.8  rad/s  respectively)  whereas  damping  is  moderate  (0.29, 
0.36  and  0.41).  This  results  in  very  slow  airframe  response  to  acceleration  demands  and  this  in 
inadequate  for  this  TGSM. 

At  X*  s  0.06  m,  the  airframe  is  faster  but  less  well  damped.  The  10-g  configuration  has  a 
weathercock  fi-equency  of  16.3  rad/s,  a  damping  of  0.136  and  an  incidence  lag  of  0.26  s.  For  the 
15-g  configuration,  these  parameters  are  20  rad/s,  0.167  and  0.168  s  respectively. 
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There  are  definite  advantages  in  selecting  the  15-g  configuration.  It  is  faster,  better  damped  and, 
as  shown  earlier,  it  can  home  without  acceleration  saturation.  On  the  other  hand,  these  advantages 
are  paid  for  by  an  increased  requirement  for  lift  and  wing  size  as  shown  in  Fig.  6.  In  this  figure, 
the  wings  and  fins  dimensions  are  drawn  based  on  the  normal  force  per  unit  area  of  rectangular 
wings  with  aspect  ratios  of  two®. 
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Figure  6  -  10-g  and  IS-g  TCSM  configurations  showing 
scaled  wings  and  fins  (TGSM  length  =  1  m) 


TG8M  MODEL  AND  SIMULATION 

The  characteristics  of  the  TGSM  obtained  in  the  preceeding  sections  can  now  be  simulated  if  a 
model  is  made  of  the  aerodynamics,  tracking  loop,  actuators  and  autopilot,  if  any  is  required. 
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The  aerodynamics  has  six  degrees  of  freedom.  The  equations  for  the  forces  and  moments  are 
solved  in  body-fixed  coordinates  and  gravitational  acceleration  is  taken  into  account  in  solving 
them.  Body-fixed  velocities  are  transformed  into  inertial  coordinates  by  the  classical  Euler 
transformations.  The  derivatives  of  the  Euler  angles  are  obtained  through  another  classical 
transformation  which  links  them  with  body-fixed  angular  rates.  The  aerodynamic  parameters 
are  assumed  independant  of  Mach  number.  This  results  in  12  state  variables. 

The  roll  channel  is  included  in  the  model  but  the  derivative  of  the  roll  rate  is  set  to  zero.  This 
implies  that  the  roll  rate  is  constant  throughout  all  simulations  and  its  instantaneous  value  is  its 
initial  value.  Couplings  due  to  roll  rate  are  included  in  the  force  equations. 
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The  tracking  loop  is  modeled  as  a  1st  order  lag  with  a  time  constant  of  0.15  s.  Two  tracking  loops 
are  used,  one  for  elevation,  one  for  azimuth  line-of-sight  angle.  The  three-dimensional  model 
used  to  compute  range,  range  rate,  and  line-of  sight  rates  in  elevation  and  azimuth  is 
conventional.  This  yields  three  state  variables  for  the  range  and  the  line-of-sight  angles,  and  two 
state  variables  for  the  gimbal  angles. 

The  tracking  loop  is  nonlinear  and  has  saturations:  (1)  the  gimbal  rate  is  limited  to  25°/s;  (2)  the 
look  angle  (the  angle  between  the  line  of  sight  and  the  TGSM  axis)  is  limited  to  ±  50°;  and  (3)  the 
field  of  view  of  the  seeker  is  set  to  ±6°  for  the  tracking  mode. 


The  commands  to  the  actuators  are  equal  to  N  times  the  gimbal  rates  in  elevation  and  in  azimuth. 
They  are  distributed  to  the  pitch  and  yaw  actuators  through  a  rotation  of  coordinates  that  takes  due 
account  of  the  roll  attitude.  The  fin  actuator  is  modeled  as  a  1st  order  lag  with  a  time  constant  of 
0.05  s.  Since  there  are  two  of  these,  two  state  variables  are  involved.  The  fin  actuator  model  is  also 
nonlinear  since  the  fin  angle  is  restricted  to  ±  20°. 
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lateral  AutonOota 

The  primary  task  of  a  lateral  autopilot  is  to  provide  the  lateral  acceleration  of  the  airframe  in  a 
controlled  and  yet  responsive  way.  They  are  normally  required  for  tail  control  missiles  designed 
with  a  small  static  margin  or  in  configurations  where  the  center  of  gravity  moves  toward  the  front 
due  to  fuel  consumption.  They  provide  synthetic  stability  through  instrument  feedback.  The 
airframe  becomes  more  robust  to  changes  or  uncertainties  in  the  aerodynamic  parameters. 

For  an  unpowered  TGSM  designed  with  a  confortable  static  margin  (i.e.  2-5%  of  length),  there  does 
not  appear  to  be  serious  reasons  to  increase  the  cost  with  lateral  autopilots. 

Target  Model 

The  target  model  is  purely  kinematic.  The  target  has  an  initial  position  on  the  ground,  and  can 
move  at  constant  acceleration.  Since  the  model  was  originally  developed  for  aircraft  targets,  the 
target  model  comprises  6  state  variables. 

SHnwilatlnn  CnAem 

The  model  comprises  25  state  equations  with  nonlinearities,  and  integration  is  carried  out  using  a 
Runge-Kutta  integration  routine  of  order  four.  For  the  kind  of  dynamics  involved  with  the  TGSM, 
the  integration  step  is  constant  at  0.1  s.  Computer  codings  were  developed  in  APL  for  a  Macintosh 
computer  running  tmder  STSC  APL*PLUS.  Each  step  takes  about  8  s  to  execute. 


RESULTS  OF  THE 
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SIMULATIONS 


Simulation  runs  were  made  of  several  TGSM  configurations  against  stationary,  constant 
velocity,  and  accelerating  targets  but  only  two  were  considered  in  depth:  a  10-g  and  a  15-g 
configuration  with  a  static  margin  of  0.05  m  (5%  of  body  length). 


In  the  computer  environment,  every  run  can  be  inspected  on  a  display  such  as  shown  in  Fig.  7.  The 
box  marked  "time"  shows  the  total  time  of  flight  The  box  marked  "position"  shows  the  positions  of 
the  TGSM  and  the  target  at  the  end  of  the  flight.  The  box  marked  "velocities,  accelerations”  shows 
the  initial  velocities  in  the  first  column,  the  final  velocities  in  the  second  column,  and  target 
acceleration  in  the  third  column. 

The  right  hand  side  rectangle  of  Fig.  7  depicts  the  trajectory.  The  grid  representing  the  ground  is 
200  by  200  m  with  lines  every  50  m.  In  this  case,  the  tank  is  stationary  at  a  downrange  of  150  m. 
The  box  in  the  upper  left  comer  shows  a  3  by  6  m  tank  and  the  location  of  the  impact.  In  this  case,  it 
is  nearly  dead  center.  Hie  graph  that  appears  on  the  left  hand  side  of  the  figure  gives  the  position  of 
the  fins  as  a  function  of  time.  There  is  fin  saturation  when  the  graphs  meet  the  maximum  scale. 
In  Fig.  7,  the  conditions  of  the  flight  is  such  that  the  TGSM  pulls  maximum  acceleration  between  t  = 
0.3  and  t  =  0.7  s.  The  final  conditions  of  the  TGSM  flight  are  given  under  the  triqectory.  In  this 
case,  the  miss  distance  was  0.1  m  whereas  the  impact  angle  is  57.9°.  The  TGSM  incidence  at 
impact  is  4.8°  for  a  lateral  velocity  of  the  warhead  at  impact  of  6.8  m/s. 

Figure  8  gives  a  similar  computer  output  whose  outcome  is  as  not  successful.  The  miss  distance  is 
2.9  m  after  2.75  s  of  flight  In  this  case,  the  target  is  initially  located  at  the  same  place  as  in  the 
previous  case  but  now  moves  with  a  constant  inbound  velocity  of  20  m/s.  A  loss  of  lock  by  the  seeker 
is  observed  at  t  =  2.5  s  and  this  is  enough  for  a  near  miss.  At  loss  of  lock-on,  the  seeker  becomes 
blind,  the  fins  return  to  their  neutral  position  and  the  TGSM  impacts  anywhere  without  guidance. 
When  the  TGSM  hits  the  ground,  the  target  is  located  at  x  =  95  m. 
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At  the  beginning  of  a  simulation,  the  TGSM  is  always  located  150  zn  above  the  origin  of  the 
reference  frame  and,  in  principle,  the  target  can  be  anywhere  in  a  50  by  50  m  patch  of  ground 
located  between  x  =  150  and  x  =  200  m.  These  tar^t  locations  represent  various  degrees  of  guidance 
difficulties  for  the  TGSM.  The  situation  is  the  most  difficult  if  the  target  is  located  at  the  inner 
boundary  of  the  patch  of  ground  and  moves  inbound.  If  the  target  is  farther  or  moves  sideways,  the 
guidance  is  made  easier. 

One  way  to  determine  the  effectiveness  of  a  TGSM  configuration  is  to  find  the  limiting  speeds  and 
accelerations  beyond  which  it  will  miss  the  target  We  call  this  a  "footprint".  In  this  paper,  the 
footprints  are  computed  for  the  most  difficult  target  position. 

PerfainMinoe  of  the  lO-gTGSM  Configuration 


Figure  9  shows  the  footprint  of  the  non-rolling  10-g  TGSM  configuration.  The  thick  line  boundary 
of  the  footprint  indicates  the  acceleration/velocity  regimes  beyond  which  the  miss  distances 
achieved  exceed  1  meter.  Within  the  footprint,  there  are  tags  which  indicate  the  conditions  under 
which  a  miss  distance  under  one  meter  was  achieved.  The  numbers  in  the  tags  show  the  impact 
angles  which  were  achieved. 


It  is  observed  that  the  impact  angle  increases  as  either  the  target  velocity  or  the  target  acceleration 
increases  and  this  increase  is  indicative  of  the  difficulty  of  the  terminal  homing  phase.  When  it 
becomes  too  difficult,  the  line-of-sight  rate,  which  is  equal  to  the  local  heading  error  divided  by  the 
time  to  go,  becomes  too  high  for  the  tracking  loop  to  follow  and  loss  of  lock  occurs.  In  these 
instances,  the  values  of  the  impact  angle  and  the  angle  of  attack  are  irrelevant.  No  attempt  was 
made  to  extend  the  footprint  above  accelerations  of  7  m/s^. 
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Figure  9  -  Footprint  of  the  10-g  TGSM  configuration 

Figure  9  shows  that  the  non-rolling  10-g  configuration  can  hit  targets  initially  located  150  m  in 
front  of  it  and  moving  with  constant  velocities  up  to  16.6  m/s  (60  km/hr).  It  also  shows  that  it  can 
achieve  less  than  one  meter  miss  distance  a.  ainst  a  tank  which  was  initially  moving  at  10  m/s  (36 
km/hr)  and  accelerating  at  4  m/s^  (this  tank  can  accelerate  from  0  to  100  km/hr  in  7  s!). 
Considering  that  the  footprint  was  computed  under  the  most  severe  conditions  of  terminal  homing 
guidance,  the  10-g  configuration  is  considered  capable  to  achieve  hits  against  most  armoured 
targets  likely  to  be  found  on  the  battlefield. 
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En  resume,  1 '  util  Isat  Ion  de  missiles  senii-actifs  impose  a 
I'avionneur  des  contralntes  sur  le  radar  (mode  adequat .  portee,  qualite  el  precision 
des  Informations),  sur  I'unlte  de  navigation  inertlelle,  sur  1 ' ident 1 f ioat ion  des 
plots  radar,  sur  les  calculateurs  (doraalnes  de  tir  du  missile,  lois  de  navigation  du 
chasseur)  et  sur  la  presentation  des  informations  a  I'equipage. 


Figure  10  shows  the  distribution  of  the  impact  angles  and  the  angles  of  attack  observed  for  the  shots 
falling  in  the  footprint.  Impact  angles  range  from  57  to  91°  whereas  angles  of  attack  at  impact 
range  from  0  to  15°  with  a  concentration  between  0  and  8°. 
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Firure  10  -  Distribution  of  the  impact  angles  and  angles  of  attack  at  impact 
for  the  non-rolling  10-g  configuration 


The  simulations  that  were  used  to  construct  the  footprints  of  Fig.  9  were  run  with  a  forced  roll  rate  of 
zero  and  an  initial  roll  position  in  the  "lugs-up"  position.  However,  it  is  important  to  delineate  the 
effect  of  moderate  roll  rates  on  the  accuracy  of  the  TGSM.  Rolling  airframe  simulation  runs  were 
also  made  with  a  forced  roll  rate  of  90%  and  the  footprint  corresponding  to  the  10-g  configuration  is 
presented  in  Fig.  11  whereas  Fig.  12  shows  the  distributions  of  impact  angles  and  angles  of  attack 
at  impact. 


(ROLLING  AIRFRAME) 
NUMBER  OF  SHOTS  :  49 


^  ^ 

dl*  ©d&©  C"*  ©  0) 


IMPACT  ANGLE  (DEG) 


ANGLE  OF  ATTACK  (DEG) 


Figure  12  -  Distribution  of  the  impact  angles  and  angles  of  attack  at  impact 
for  the  rolling  (90%)  10-g  configuration 


Figure  ISshows  the  footprmt  of  the  15-g  TGSM  configuration.  It  extends  much  mrther  than  that  of 
the  10-g  configuration.  The  TGSM  can  hit  targets  moving  at  a  constant  velocity  of  25-26  m/s 
(90-95  km/hr)  whereas  the  10-g  configuration  was  limited  by  constant  target  velocities  of  16.5 
(60  km/hr)  m/s.  This  configuration  can  also  hit  tai^ets  initially  moving  at  16  m/s  (60  km/hr)  and 
accelerating  at  4  m/s^. 
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Figure  13  -  Footprint  of  the  non-roling  15-g  TG^M  configuration 


The  distribution  of  the  impact  angles  is  about  the  same  as  with  the  non-rolling  10  g  configuration 
but  the  angles  of  attack  are  reduced  by  half. 
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The  effectiveness  of  a  steep  impact  terminally-guided  sub-mtinition  has  been  assessed  in  terms  of 
the  miss  distance  it  can  achieve  sigainst  stationary  and  moving  tank  targets.  Two  configurations 
were  considered  and  tested  against  the  most  difficult  terminal  guidance  conditions,  i.e.  when  the 
targ^et  is  located  150  m  in  front  of  the  TGSM.  The  10-g  configuration  can  hit  tanks  firom  the  near 
vertical  and  with  relatively  low  angle  of  attack  at  impact  if  the  tank  is  not  too  agile.  The  15-g 
configuration  can  do  better  but  it  does  so  at  the  expense  of  considerable  wing  size,  and  a  more 
difficult  packaging  problem. 

Theoretically,  the  10-g  configuration  does  not  possess  sufficient  lateral  acceleration  capability  to 
hit  a  stationary  tank  without  acceleration  saturation  but  the  saturation  is  short  enough  that  the 
TGSM  can  correct  its  flight  path  to  a  colision  course  before  it  hits.  In  most  cases,  there  is  still  some 
heading  error  to  correct,  and  this  is  shown  by  a  non  zero  angle  of  attack  at  impact.  The  15-g 
configuration  has  sufficient  lateral  acceleration  capabilities  to  hit  stationary  targets  without 
saturation  but  has  periods  of  saturation  against  targets  moving  at  constant  velocities  above  12  m/s. 
Simulation  runs  made  with  rolling  airframes  reduce  the  footprint  without  altering  much  neither 
the  impact  angles  nor  the  angles  of  attack  at  impact.  The  10-g  TGSM  configuration  is  considered 
capable  of  achieving  hits  on  most  targets  likely  to  be  met  on  the  battlefield. 


A  word  of  caution!  The  simulation  is  a  6-DOF  simulation  which  takes  care  of  the  effect  of  roll  rate, 
time  lags  and  the  saturations  of  the  seeker  field  of  view,  tracking  loop  and  fin  actuators.  However, 
the  aerodynamics  is  linear  and  no  account  is  made  for  backward  shifts  of  the  center  of  pressure 
with  incidence.  The  seeker  always  knows  exactly  where  the  target  is,  there  is  no  blind  time 
without  guidance,  and  the  seeker  can  loose  lock  only  when  its  gimbal  cannot  follw  the  line  of  sight 
or  when  the  gimbal  reaches  its  maximum  look  angle.  Additionally,  the  TGSM  moves  in  still  air. 
There  are  no  wind  or  wind  gust,  no  turbulence.  These  are  ideal  conditions! 

This  study  is  to  be  pursued  to  consider  (1)  a  more  realistic  aerodynamics  with  backward  shifts  of 
the  center  of  pressure  with  incidence;  (2)  random  perturbations  of  the  line  of  sight;  (3)  random 
winds;  and  (4)  the  search  phase  and  handover  from  search  to  track. 
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SUMMARY' 

idealized  planar  intercept  is  analyzed  in  which  an  air-to-air  homing  missile  has 
angular  measurements  of  the  line  of  sight  to  a  randomly  maneuvering  target  and  seeks  to 
use  a  guidance  law  which  optimizes  a  specific  performance  criterion.  If  the  closing 
speed  were  known  precisely,  the  optimal  guidance  law  for  this  case  would  be  proportional 
navigation  with  a  certain  navigation  gain.  There  is  uncertainty  in  the  closing  speed, 
however,  because  of  the  target  maneuvers  and  lack  of  range  measurements.  The  effect  of 
this  uncertainty  on  the  optimal  guidance  law  is  to  increase  the  nominal  value  of  the 
navigation  gain,  and  apparently  to  add  a  rapid  weaving  component  if  the  fractional 
uncertainty  in  the  inverse  target  range  exceeds  a  certain  level. 


INTRODUCTION 

A  common  form  of  homing  missile  guidance  is  "proportional  navigation,"  meaning  that 
the  commanded  missile  acceleration  lateral  to  the  line  of  sight  to  the  target  is 
proportional  to  the  observed  angular  rate  of  this  line  of  sight  in  inertial  space.  The 
constant  of  proportionality  is  called  the  feedback  gain,  and  is  itself  the  product  of 
two  factors,  the  closing  speed  and  the  so-called  navigation  gain.  The  navigation  gain 
must  be  greater  than  2  for  the  missile  to  close  on  a  constantly  accelerating  target. 

If  the  closing  speed  is  known,  proportional  navigation  with  a  navigation  gain  of  3 
is  a  close  approximation  of  the  optimal  guidance  law  against  a  randomly  maneuvering 
target  for  minimizing  any  weighted  average,  within  wide  limits,  of  the  squared  miss 
distance  and  timewise  integrated  drag  force.  Squared  miss  distance  is  approximately 
proportional  to  the  probability  of  unsuccessful  intercept,  except  in  the  uninteresting 
case  where  this  probability  is  large,  and  both  the  speed  and  remaining  range  capability 
of  the  missile  at  intercept  are  decreasing  functions  of  the  integrated  drag  force.  Thus 
this  single  guidance  law  is  a  natural  choice  for  all  the  objectives  of  hitting  the 
target,  maximizing  the  intercept  speed  and  maximizing  the  missile  range,  under  the 
condition  of  known  closing  speed. 

This  condition  is  often  not  met,  however,  because  only  the  line-of-sight  direction 
is  measured  and  the  closing  speed  varies  for  a  number  of  reasons,  including  inherently 
unpredictable  target  maneuvers.  A  common  practice  in  this  case  is  to  raise  the 
feedback  gain  beyond  the  value  which  would  nominally  provide  the  optimal  navigation  gain 
of  3,  so  that  this  gain  will  be  high  enough  to  close  on  the  target  for  any  plausible 
closing  speed.  Another  possibility  is  for  the  missile  to  weave  deliberately  and  use  the 
resulting  parallax  to  form  a  running  estimate  of  the  target's  range,  thereby  deducing  a 
more  refined  knowledge  of  the  closing  speed.  This  paper  provides  a  theoretical  basis  for 
these  remedies  by  minimizing  the  seime  kind  of  weighted  average  as  described  above  under 
the  assumption  that  the  missile  measures  only  target  direction  and  the  target  maneuvers 
randomly  in  all  directions,  thereby  producing  a  randomly  changing  closing  speed.  The 
resulting  optimal  guidance  law  is  still  almost  independent  of  the  weights  in  this 
average. 


A  PLANAR  INTERCEPT  PROBLEM 

It  suffices  for  this  purpose  11]  to  consider  the  relative  planar  motion  of  a  pursuer 
intercepting  an  evader: 


u 


initial  line-of- 
sight  direction 


u,a  =  pursuer  acceleration  components 

V  =  relative  velocity  component 

(orthogonal  component  assumed  much  smaller) 


randomly  maneuvering 
evader 


For  small  6,  the  dynamics  of  the  motion  shown  here  are  approximately 
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where : 


doi 

dA 

dv 


{2vA(ii  ■¥  Xu)dt  +  dWj^(X‘q  dt) 


X^v  dt 

a  dt  +  dW2(c^q  dt) 


V  will  be  considered 
at  the  initial  time  t  = 


known 

0 


<u  =  d6/dt 
X  =  1/r 

dw. ,  dw_  are  independent  Wiener-process  increments  whose  arguments 
denote  their  variances  over  time  increment  dt. 


These  Wiener-process  increments  are  good  approximations  of  the  effects  of  random  target 
acceleration  components  with  average  magnitudes  A  and  cA,  and  correlation  time  T,  if 
q  =  A^T.  [2]  They  could  also  represent  the  effects  of  unpredictable  variations  in  the 
aerodynamic  forces  on  both  vehicles.  The  pursuer  can  measure  6  and  select  the  control 
acceleration  u  at  each  time  instant  t.  There  is  usually  a  fixed  relation  between  u  and 
the  other  acceleration  component  a,  but  a  is  typically  much  smaller.  Since  its  value  is 
also  known  to  the  pursuer,  its  effects  can  usually  be  ignored  as  unimportant  [1]  as  long 
as  its  (known)  integral  is  added  back  to  v,  or  estimate  thereof,  in  using  any  results 
obtained  this  way.  Thus  we  will  treat  only  the  case  of  a  =  0  here.  Predictable 
aerodyncunic  forces,  such  as  base  drag,  have  likewise  been  ignored. 


The  probability  of  intercept  failure  is  often  approximately 


1  -  e 


=  distance  of  closest  approach 


•4, 


=  radius  of  effectiveness 


4  2 

r  0) 


This  can  be  closely  approximated  in  the  interesting  range  of  5%  -  60%  as  =  ~2~2 
any  r  such  that  Rj^v 


<  r  <  V 


M  =  max.  relative  acceleration. 


(1) 


Such  a  choice  of  r  is  possible  in  the  usual  case  of 


M  < 


32  R, 


Nonzero  control  accelerations  u  add  an  "induced"  drag  force,  typically  proportional  to 
u^,  to  the  unavoidable  base  drag  on  the  pursuer.  The  pursuer's  airspeed  and  remaining 
range  capability  at  intercept  will  be  decreasing  functions  of  the  integrated  total  drag 
force,  so  maximizing  a  weighted  average  of  the  probability  of  successful  intercept  and 
either  the  pursuer's  range  or  its  airspeed  in  the  vicinity  of  intercept  is  approximately 
equivalent  to  minimizing  a  performance  criterion  of  the  form 


where 


r 

r  4  I 

[k 

^f 

■'2  5", — : 

u^(tf)  +  f  u^  dt> 

1 

Lv  «^f>J 

^  J 

K  >  0  (relative  weight  given  to  intercept  probability) 
E  denotes  prior  expected  value 
rj  =  some  value  of  r  satisfying  (1) 
tj  =  time  at  which  r  =  r^. 


(2) 


NORMALIZED  COORDINATES 

It  is  convenient  to  define  a  nominal  inverse  range  variable  X  by 


dt  ^  - 


X(0)  =  X, 


(=  1/r^) 


o  o 

and  the  corresponding  normalized  dimensionless  variables 
a  =  (X  -  X)/5; 


6 


(V  -  v^)/v^ 


V  qX 


qX 

u 


fractional  departures  of  X  and  v  from  nominal  values 


normalized  line-of-sight  rate  and  control 


=  ln(J/X^) 


T 


new  "time"  variable. 


Since  dx  =  Xv^dt,  the  dynamics  can  be  expressed  in  terms  of  these  new  variables  as 

dii  =  [  (  j  +  2a  +  2S  +  2ag)<D  +  (1  +  a)u]dT  +  dw^  [  (1  +  a)^dTj 

da  =  (a  +  ,B  +  2a6  +  a^  +  o^B)dT  ;  o(0)  =  0 

dS  =  dWj  (Q  e  ^dx)  ;  6(0)  =  0 

where 


(3) 

(4) 

(5) 


REVIEW  OF  SPECIAL  CASE:  c  =  0 


In  the  more  familiar  version  of  this  problem  [1] ,  X  and  v  assume  their  nominal 
values  with  certainty  at  all  times.  This  corresponds  to  the  special  case  of  c  =  0  here, 
meaning  that  dW2  is  zero,  and  consequently  a  =  g  =  0,  for  all  x.  In  this  case,  criterion 
(2)  can  be  expressed  as 


where 


(6) 


Xj  =  ln(r^/rj) ,  a  predetermined  constant,  and 
Sf  =  K(rf/v^)3/R^  . 


Minimizing  J/q  is  obviously  equivalent  to  minimizing  J. 


Assuming  that  0  is  measured  accurately  enough  to  treat  5  as  known  (see  next  section) , 
the  problem  of  finding  a  control  law  to  minimize  (6)  has  the  well-)cnown  "linear- 
quadratic-Gaussian"  form  (1)  if  no  constraint  is  imposed  on  the  control  magnitude.  Its 
solution  is 


q  -3(x--x) 

1  +  (  f-  -  l)e  ^ 


If  the  pursuer's  control  acceleration  is  constrained  to  |u|  <  U,  this  result  is  still 
meaningful  if  K  <  R^U°/q^,  which  implies  [1]  that  the  root-mean-square  (r.m.s.)  u 
corresponding  to  the  0  of  (7)  will  always  remain  less  than  0. 


The  influence  of  the  terminal  boundary  parameters  Sf  and  Xf  on  the  optimal  control 
decays  in  reverse  (transformed)  time  Xf  -  x  with  a  time  constant  of  1/3.  This 
corresponds  to  a  range  increase  of  about  40%.  More  generally,  the  choice  of  state  and 
control  variables  used  here  essentially  "localizes"  the  optimization  problem  to  range 
ratios  of  this  order.  This  means  that,  except  for  boundary  effects  near  intercept, 
control  optimality  at  a  given  current  time  is  governed  primarily  by  the  behavior  of  u 
and  u  over  the  next  40%  reduction  in  range  to  the  evader. 


The  effective  range  of  these  boundary  effects  is  determined  by  Sf  and  x^,  and 
typically  constitutes  only  a  very  small  terminal  fraction  of  the  engagement.  At  longer 
ranges,  the  optimal  control  law  (usually  called  a  guidance  law  in  this  context)  is 
approximately  _ 

u  =  -  3v^<d  (8) 

when  expressed  in  terms  of  the  original  variables.  This  guidance  law  is  an  example  of 
proportional  navigation,  in  which  the  control  is  proportional  to  the  line-of-sight  rate 
(i).  The  navigation  gain  is  3  in  this  case.  Except  for  the  boundary  effects  near  inter¬ 
cept,  this  single  guidance  law  is  optimal  for  any  criterion  of  the  form  of  (2) ,  meaning 
for  any  relative  weighting  of  integrated  drag  and  probability  of  intercept  failure. 


APPROXIMATE  CONDITIONAL  DISTRIBUTION  OF  a  AND  g 
(for  I  o| ,  I g|  <<  1) 

As  a  first  approximation,  we  retain  only  the  lowest-degree  terms  in  (4)  and  (5), 
which  gives 

do  =  (a  +  g)dx  (9) 

and  _ 

dg  =  dWj  (Q  e  dx)  .  (10) 

If  the  available  measurements  z  of  6  are  sufficiently  accurate,  first  and  second 
differences  over  an  interval  At  can  be  used  to  construct  estimates  of  the  corresponding 
oj  and  increment  A5  such  that 
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1.  the  change  in  x  (=  Xv  At)  is  <<  1,  so  that  u  and  5  can  be  considered  constant  over 

At,  and  ° 

2.  At  is  long  enough  that  the  errors  in  the  A<i>  estimate  caused  by  z-errors  are  small 
compared  to  the  average  S-increment  caused  by  the  random  target  acceleration. 

For  z-errors  approximated  as  "white  noise"  in  the  usual  way,  i.e.,  with 

dz  =  0  dt  +  dw(n  dt) 
and  . 

n  «=  c^A 

o  =  r.m.s.  measurement  error  (z-6) 

A  =  error  correlation  time. 


this  accuracy  condition  is 


n  << 


.01  q/v^ 


(11) 


This  is  usually  satisfied  for  air-to-air  homing  missiles.  In  this  case,  u  can  be  treated 
as  precisely  known  and  (3)  can  be  used  to  construct  an  equivalent  measurement  t  in  which 
the  target  acceleration  is  the  dominant  error,  with 


dc  =  I  (u  +  25)0  +  250]dT  +  dWj^(dT)  .  (12) 

This  results  from  using  C  =  Acu/Ax  -  34i/2  -  5  and  deleting  all  but  the  linear  terms  in 
o,  0  and  dwi  from  (3)  as  relatively  small.  Applying  standard  results  of  Kalman  filtering 
theory  [3]  to  the  measurement  system  of  (9) ,  (10)  and  (12)  shows  that  the  conditional 
probability  distribution  of  o  and  $,  given  the  available  6 -measurements ,  is  bivariate 
Normal,  whose  mean  and  covariance  matrix,  denoted  here  as 


obey  certain  differential  equations, 
covariance  parameters  ?  =  P/Q  ,  B  = 
more  instructive  form 

do  =  (o  +  6)dx  +  QGj^6 

dB  =  QG^6 


When  expressed  in  terms  of  the  normalized 
B/Q  and  L  =  L/Q  ,  these  equations  assume  the 

"  Gj  =  UP  +  25(B  +  P) 

G2  =  uB  +  25(B  +  L) 

^  5  =  dC  -  (uo  +  25(0  +  B))dx 


with  zero  initial  conditions  at  x  =  0  and 


p  =  2(p  +  B)  -  qgJ  It  > 

B  *  B  +  L  “  ^^1^2 
L  =  e""^  -  QGj  . 


(13) 

(14) 

(15) 


For  Q  <<  1  and  u  and  to  of  order  unity,  it  is  clear  from  these  equations  that  the  9- 
measurements  have  little  effect  on  this  conditional  distribution,  so  that  o  =  8  =  0  and 

(16) 

(17) 

(18) 

until  P  becomes  comparable  to  1.  After  this  it  is  no  longer  reasonable  to  approximate 
o,  whose  variance  is  P,  as  small  compared  to  1 . 


P  a  2  -  e"’^)  ^ 

B  a  2  e^l  -  e-^)2 
L  a  Q(1  -  e""') 


OPTIMAL  MIDCOURSE  GUIDANCE 

Taking  conditional  expectations  in  (3)  under  the  preceding  conditions  shows  that, 
given  the  currently  available  9-measurements, 


(19) 

(20) 


to  a  good  approximation.  If  Q  is  not  extremely  small,  however,  (6)  cannot  be  used  as  an 
equivalent  criterion  (i.e.,  one  for  which  the  same  control  law  is  optimal)  because  there 
would  be  a  significant  probability  that  the  actual  range  r  does  not  satisfy  (1)  when 


and 


E(d5)  =  [ (  i  +  2B)5  +  u]dx 
E(diS^)  =  (1  +  P)dx 


N 


T  =  Tj;  in  fact,  intercept  might  already  have  occurred.  In  this  case,  an  optimal 
expected  cost-to-go  function  H*  can  be  defined  in  the  usual  way  [4] ,  conditioned  both  on 
the  available  d-measurements  and  on  whether  or  not  intercept  has  occurred  yet  (the  cost- 
to-go  being  zero  if  it  has) .  For  a  Tj  >  1  such  that 

2Ti 

e  <  3/Q  ,  (21) 


which  exists  for  the  small  values  of  Q  being  considered  here,  P,  B  and  L  will  remain 
small  compared  to  unity  in  the  interval  (0,  ij) .  Thus  the  probability  is  negligible  that 
r  will  go  to  zero  before  t  =  tj^,  and  the  conditioning  of  H*  on  the  non-occurrence  of 
intercept  can  be  ignored  in  this  interval.  Conditioning  on  the  6-measurements  is  also 
trivial  there  except  for  determining  the  current  value  of  5,  so  the  partial  function  of 
H*  restricted  to  t  <  and  the  non-occurrence  of  intercept  is  essentially  a  function  H 
of  S  and  x  only.  Since  H(S,  xj^)  is  an  even  function  of  5  by  symmetry,  expanding  it  in  a 
Maclaurin  series  gives 


H(a),  Xj^)  =  constant  +  >5 


-2 


(u  +  higher-degree  even  terms  in  5 


The  higher-degree  terms  are  relatively  small  in  the  interesting  case  where  the  pursuer  is 
able  to  keep  the  unnormalized  line-of-sight  rate  small  [2];  anyway,  the  coefficients  of 

such  terms  decay  to  zero  in  reverse  time,  as  might  be  expected  from  the  "localization-in¬ 

range"  property  noted  earlier.  Thus,  since  the  constant  term  has  no  effect,  the 
Principle  of  Optimality  of  dynaunic  programming  14)  implies  that  the  optimal  control  law 
minimizes  the  equivalent  criterion 

2  ^  ^  2 

J  =  E  S,S  (X,)  +  I  u  dx  ;  S,  =  >5  — 5  (22) 

4,  x=Xi 

S=0 

for  X  <  X]^  only.  Also,  (19)  and  (20)  will  be  valid  then  for  5  and  u  of  order  unity. 

The  Bellman  equation  for  the  optimal  control  law  of  (19)  ,  (20)  and  (22)  becomes  [41 

3h  2  3^h2  2 

-  dx  =  min  E  [  u  dx  +  dio  +  %  — ^  If  ^(5,  Xj)  =  ,  (23) 


where  the  expectation  is  conditioned  on  (ij(x), 
solution  is 

H  (S,  X )  =  S  (x)  5^  +  n  (x) 


For  the  expectations  of  (19)  and  (20),  the 


u  =  -  S5  , 


(3  +  4B)S  -  s' 


S(x^)  =  Sj 


-ri=(l+P)S;  Ti(Xj)=0. 

Eq.  (25)  can  be  integrated  in  reverse  time  from  Xj^  by  substituting  from  (17)  for  B(x) 
Defini..g  ^  ^ 


then  gives 


dx  , 

dh  =  - 


X.  -h  h 

2Q(e  -  2  +  e 


x  =  |--4  ath=0. 

t-l  j 


If  the  indicated  term  is  ignored  as  relatively  small,  this  differential  equation  can  be 
integrated  in  h  to  give 


=  [i  -  i 

ISj  3 


t§(e  1 


-  3  +  ^5  e 


3  *  • 


This  result  is  consistent  with  the  ignored  term  being  smaller  than  the  others,  except 
perhaps  for  a  transient  at  h  =  0.  Thus,  since  Q  <<  1, 


S-3[l  +  i3(e''-4+>5  e"’')] 


except  for  a  transient  at  x  =  xj  whose  effects  decay  exponentially  in  reversed 
transformed  time  h  with  a  time  constant  of  1/3  (i.e.,  a  40%  range  incxease) .  From  (17), 
(18)  and  (24),  the  corresponding  approximation  of  the  optimal  guidance  law  can  be 
expressed  as 

u  =  -  3(1  +  2B  +  >sL  +  Q/6)5  .  (26) 

This  guidance  law  is  consistent  with  the  assumption  of  order-unity  5  and  3  used  in 
solving  the  Bellman  equation  for  it. 

Ifc=0,  Q=B=L=0  and  this  guidance  law  reduces  to  (8) ,  as  it  should, 
because  (26)  becomes 

u  =  -3(1  +  2B  +  >5L  +  Q/6)v^a) 
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in  terms  of  the  original  state  and  control  variables.  As  in  that  special  case,  this 
single  guidance  law  is  a  natural  choice  for  all  the  objectives  of  successful  intercept, 
maximizing  the  pursuer's  range,  and  maximizing  its  airspeed  at  intercept.  This  guidance 
law  still  has  the  form  of  proportional  navigation,  but  with  a  higher  navigation  gain  than 
3  for  Q  >  0  since,  from  (17)  and  (19) ,  B  and  L  are  both  positive  then.  For  the  midcourse 
region  of  1  <  t  <  Tj-Ij  ,  this  navigation  gain  becomes  predominantly  3  +  6B  ,  which  is 
also  not  a  bad  approximation  when  t  <  1  for  the  small  values  of  Q  being  considered  here. 
With  this  simplification,  the  optimal  guidance  law  here  can  be  expressed  as 


u  *  -  3  (  1  +  2  cov(X/X,  v/v„)  1  v^iii  .  (27 

o  o 

The  restriction  of  these  results  to  x  <  T|-  %  and  ^  ^  T  is  approximately 

equivalent  to  the  restriction  ^ 

I  >  ^1. 

o 


where  r  is  the  nominal  range  1/J.  The  form  of  (27)  suggests  using  the  factor  in  square 
braclcets  to  compensate  proportional  navigation  laws  more  generally  for  range  and  closing 
speed  uncertainty,  with  an  estimated  X  and  v  used  in  place  of  X  and  v^.  (X  is  a  more 
natural  quantity  than  r  to  estimate  from  angle  measurements  [5] .)  The  analysis  here  can 
also  be  carried  through  for  nonzero  P(0)  and  L(0),  which  corresponds  to  an  uncertain 
initial  range  and  closing  speed.  This  extension  leaves  (27)  unchanged,  and  only  changes 
(26)  by  adding  L(0)  to  Q.  The  formulas  for  P,  B  and  L  become  more  complicated  than 
(16)- (18),  however. 


WEAVING  AND  EXTENSION  OF  MIDCOURSE  REGION 

So  far,  the  conditioning  of  the  a, 6  -  distribution  on  the  6-measurements  has  been 
ignored  in  the  control  optimization,  since  this  is  a  small  effect.  We  now  analyze  this 
effect  to  a  limited  extent  by  considering  the  possible  optimality  of  deliberate  weaving 
by  the  pursuer  to  reduce  the  uncertainty  in  the  evader's  range  and  closing  speed  with 
the  resulting  parallax  information.  The  normalized  control  u  is  decomposed  as 

u  =  m  +  If  ,  (28) 

where  m  varies  at  only  a  moderate  rate,  but  if  alternates  sign  rapidly  such  that  over  any 
appreciable  Increment  A  in  (logarithmic)  time, 

x+A 

If  dx  a  0  (29) 

X 

and 

x+A 

J  if^dx  a  D^A  ,  (30) 

X 

D  also  having  only  a  moderate  value.  The  analysis  here  will  be  even  cruder  than  before, 
and  insensitive  to  any  detail  of  the  alternating  (i.e.,  weaving)  control  component  (t> 
beyond  its  locally  averaged  magnitude  D.  For  definiteness,  ♦  can  be  imagined  as  the 
moderately  varying  D  multiplied  by  a  quantity  which  alternates  rapidly  and  regularly 
between  ±1: 

normalized 
control  u 


These  alternations  must  be  slow  enough,  however,  that  the  assumptions  underlying  (13)- 
(15)  are  still  valid.  This  constraint  need  not  violate  (29)  and  (30)  if  the  pursuer's 
e-measurements  are  accurate  enough.  A  useful  property  of  this  weaving  control  component 
is  that,  over  any  significant  increment  in  x, 

j +  A)^  dx  ■  j ax  +  J A^  dx  (31) 

if  A  varies  at  only  a  moderate  rate  with  x . 

Here  we  see]c  only  the  approximate  level  of  the  weaving  component  in  an  optimal 
control  law  of  the  form  of  (28) ,  and  proceed  under  the  assumption  that  P  >>  B  and  P  >>  L, 
as  was  true  before  except  for  boundary  effects.  Retaining  only  the  dominant  effects  of 
the  uncertainty  in  a  and  B,  and  using  (19),  (20),  (22),  (29)  and  (31)  gives 

d5  =  if  “  +  “Hx  +  dw[(X  +  P)dx] 


and 
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5  =  E  +  r 


(m^  -I-  D^)dT]  . 


If  the  effect  of  m  on  P  is  disregarded  as  minor  here,  the  optimization  of  m  is 
independent  of  D  and  P  with  the  methods  of  the  preceding  section,  which  give  m  =  -35 
except  for  boundary  effects.  As  a  result,  optimizing  the  weaving  control  magnitude 
becomes  approximately  the  problem  of  finding  D  k  0  to  minimize 

t, 

-2  2 
(9(0  +  D  )dTl 


J  =  E  [S 


with 


d5  =  -  5  dt  +  dw(  (1  +  P)dT] 


(32) 


and,  by  virtue  of  (31) , 

Defining 

X  =  1/P, 


P  =  2P  -  P^(u^  +  D^) 


Y  =  prior  expected  value  of  (o  , 

2  «2 

F  =  D  -  (0  (used  as  the  control  variable)  , 


and  using  standard  methods  [3]  to  determine  Y  from  (32)  ,  converts  this  optimal  control 
problem  to  that  of  minimizing 


=  S^Y(Tj^)  +  j 


(8Y  +  F)dT 


with 


Y  =  -  3Y  1  1/x  , 

X  =  -  2x  -r  F  , 

_2 


(33) 

(34) 


and  the  control  constraint  F  i  5  .  This  constraint  is  a-priori  random,  so  as  a  further 
approximation,  we  will  use  the  deterministic  constraint  F  >  0  and  interpret  any  resulting 
F  <  5*  as  specifying  a  weaving  magnitude  of  approximately  zero. 

If  a  Hamiltonian  is  defined  as  H  =  F  8Y  +  X  (F  -  2x)  +  X  (1  +  l/x  -  3Y)  ,  then 
[1]  equations  for  F  minimizing  5  are  (34),  *  ^ 


and 


F 


-3X^+8  ;  Xy(Tj)  =  , 

-  2X^  -  Xy/x2  ;  X^(x^)  =  0 

^0  for  <  -1 

value  Iceeping  X^  =  -1  otherwise  (singular  arc) 


(35) 

(36) 


The  effects  of  the  terminal  boundary  conditions  on  the  solution  again  decay  in  reverse 
transformed  time.  From  (35) ,  X„  is  always  positive  and  approaches  the  steady-state  value 
of  8/3.  Substituting  this  and  the  singular  arc  conditions  into  (36)  gives  x  =  2//7  , 
for  which  (34)  gives  F  =  i//f.  Using  (13)- (15)  then  gives  approximately 


(37) 


(38) 


for  the  singular  arc  solution  away  from  the  terminal  boundary.  This  is  consistent  with 
the_earlier  assumption  of  P  >>  B  and  P  >>  L.  Finally,  (33)  shows  that  Y,  the  variance 
of  5,  approaches  a  steady-state  value  of  only  U  +  Is/J) /3  under  these  conditions.  Since 
n  is  a  zero-mean  Normal  random  variable  (3),  5^  has  mean  Y  and  variance  2y2,  which 
implies  that  the  optimal  magnitude  of  the  (normalized)  weaving  control  in  (38)  is 
meaningful  with  high  probability  by  the  Chebychev  inequality. 

The  basic  result  here  is  that  no  amount  of  weaving  is  ever  optimal  under  the 
conditions  of  the  preceding  section,  because  Tt  was  defined  there  so  that  P  remains 
considerably  less  than  1,  meaning  that  the  above  singular  arc  conditions  never  arise. 
However,  the  singular  arc  solution  provides  a  reasonable  basis  for  extending  the  results 
of  that  section  beyond  such  ti,  which,  as  (21)  shows,  can  cover  a  considerable  portion  of 
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flight  before  the  terminal  boundary  region  is  reached.  The  high  probability  of  (38J 
being  positive  reflects  the  fact  that  the  weaving  component  dominates  the  effect  of  the 
control  on  the  conditional  a,  g  -  distribution.  Thus  it  is  a  good  approximation  in  this 
context  as  well  to  optimize  the  homing  control  component  without  regard  for  its  effect 
on  this  distribution.  If  done  in  the  presence  of  a  weaving  component  with  magnitude  (38) , 
P  would  be  Icept  below  ’s/T,  so  an  estimated  current  range  (or  inverse  range)  would  remain 
a  somewhat  meaningful  quantity.  An  optimal  current  homing  control  component  could  then 
be  determined  as  before  by  using  the  estimated  current  inverse  range  and  closing  speed 
as  nominal  in  place  of  Jq  and  Vq,  and  by  restricting  consideration  to  the  next  half-unit 
or  so  in  r  by  virtue  of  the  localization- in-range  property.  The  approximation  would  be 
poorer  in  this  case  because  it  ignores  a  more  significant  probability  of  the  actual  r 
going  to  zero  over  the  next  halving  of  estimated  range.  Also,  P  and  B  would  be  large 
enough  that  S  and  6  would  vary  somewhat  from  zero,  although  such  variations  would  be 
comparatively  minor  over  this  short  a  T-interval  according  to  the  Kalman  filter 
equations.  This  optimization  procedure  gives  the  (normalized)  homing  control  as  u  of 
(24)  and  (25),  with  B  as  specified  by  the  singular  arc  conditions  rather  than  (17).  If 
the  relatively  small  variation  of  B  is  ignored  in  the  integration  of  (25) ,  S  =  3  +  4B 
in  this  case  away  from  the  terminal  boundary.  The  corresponding  optimal  control  law 
approximation  is  given  by  (28) ,  (38)  and 


which  is  fairly  close  to  (27)  with  the  weaving  component  added. 


COKCLUSION 

The  main  effect  of  the  closing  speed  uncertainty  on  the  optimal  guidance  law  is  to 
raise  the  apparent  value  of  the  navigation  gain  by  approximately  the  factor  in  (27)  -  and 
possibly  superimpose  some  rapid  weaving.  Significant  weaving  is  not  optimal,  however, 
until  the  range  uncertainty  grows  to  a  certain  level.  This  level,  and  the  resulting 
optimal  short-term  average  magnitude  of  the  weaving  component,  appear  to  be  approximately 
those  given  by  (37)  and  (38)  in  terms  of  normalized  variables.  The  analysis  here  is  not 
accurate  enough  to  specify  the  optimal  weaving  in  any  further  detail,  however.  On  the 
average,  this  weaving  is  somewhat  smaller  in  magnitude  than  the  other  component 
(proportional  navigation)  of  the  optimal  guidance  law.  It  nevertheless  provides  most  of 
the  parallax  information  about  the  radial  relative  motion  because  proportional  navigation 
actually  suppresses  parallax  by  acting  to  null  out  the  line-of-sight  rate.  These  results 
are  subject  to  the  restrictions  of  (1)  and  (11),  and  also  do  not  apply  inside  a  small 
terminal  boundary  region  near  intercept. 
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1.  RESUME 


Les  constructeurs  d'armements  aeroportes  conqoivent  et  developpent  des  pro- 
duits  de  plus  en  plus  sophlstiques  ;  il  ne  faut  oependant  pas  oublier  que  I'obtention 
de  maniere  operationnelle  des  performances  optimales  de  ces  armes  est  une  consequence 
de  1 ' homogeneite  de  1 ' association  "avion-equipage-arme" .  Ils  imposent  ainsi  a 
I'avionneur  de  resoudre  un  nombre  croissant  de  problemes  dont  la  severite  augmente 
avec  la  sophistication  de  I'armement. 

L'avionneur  doit  done  realiser  un  oompromis  de  plus  en  plus  complique  entre 
les  besoins  de  I'arme,  la  vulnerabilite  de  I'avion  (discretion,  signature  radar,  dis¬ 
tance  de  passage  par  rapport  a  1 ' objectif , . . . ) ,  la  charge  de  travail  de  I'equipa- 
ge,...  pour  assurer  la  meilleure  adequation  possible  "avion-equipage  armenent " . 

Les  contraintes  variant  selon  le  type  de  I'arme  mais  peuvent  se  regrouper  en 
families  ; 

-  contraintes  d'evolution  avant,  pendant  et  apres  tin, 

-  contraintes  de  performance  du  systeme  de  navigation  et  d'attaque, 

-  contraintes  de  oompatibilites  entre  les  differents  armements, 

-  contraintes  mecanlques, 

-  actions  de  I'equipage. 

Notre  conference  se  propose  de  montrer  quelles  sent  les  contraintes  posees  a 
I'avionneur  et  precise  quelles  sont  les  indispensables  relations  entre  celui-ci  et  le 
fabricant  d'armement  pour  arriver  a  la  meilleure  association  possible  "avion-equipa¬ 
ge-arme"  avec  des  armements  de  plus  en  plus  sophlstiques. 

2.  INTRODUCTION 


Les  fabricants  d 'armes  conqoivent  et  developpent  des  produits  de  plus  en  plus 
sophlstiques,  mais  dont  I'adaptation  sur  avion  impose  a  l’avionneur  de  realiser  des 
compromis  de  plus  en  plus  compliques  pour  assurer,  grace  a  1 ’ homogeneite  de  1 'asso¬ 
ciation  "avion  (s)  -  equipage  (s)  -  arme",  I'efflcacite  de  ces  armes. 

Notre  conference  se  propose  de  montrer  success! vement  sur  les  armements  AIR/ 
AIR  puis  sur  les  armements  AIR/SOL  et  AIR/MER  quels  sont  les  problemes  que  I'avionneur 
doit  resoudre  pour  realiser  ce  compromis. 

En  conclusion,  nous  proposerons  le  point  de  vue  des  AVIONS  MARCEL  DASSAULT- 
BREGUET  AVIATION  sur  la  maniere  de  reduire  ces  problemes  et  d'optimiser  1 ' homogene ite 
de  1 'association  avion  (s)  -  equipage  (s)  -  arme. 

3.  CAS  DES  ARMEMENTS  AIR/AIfl 

II  est  possible  de  classer  les  armements  AIR/AIR  tires  d 'avion  en  trois  fa¬ 
milies  : 

-  autodirecteurs  passlfs, 

-  autodirecteurs  semi-actifs 

-  autodirecteurs  actifs. 

Cet  ordre  correspond  a  la  fois  a  un  ordre  chronologique  et  a  un  nombre  crois¬ 
sant  de  contraintes  impose  a  I'avionneur  pour  obtenir  la  meilleure  adequation  "avicn- 
equipage-arme"  possible.  Nous  nous  proposons  d'etudier  success! vement  ces  trois  types 
d'armements  AIR/ AIR. 

3.1.  Cas  des  autodirecteurs  passifs 

L'autodirecteur  de  ces  missiles  est  du  type  infrarouge  ;  I'arme  est  done  at- 
tlree  par  les  points  chauds  de  la  cible.  Le  MAGIC  (FRANCE)  et  le  SIDEWINDER  ou  AIM9 
(USA)  sont  des  exemples  de  ce  type  d'armement.  Ces  armes  sont  du  type  "TIRE  ET  OUBLIE" 
et  sont  plutot  utilisees  en  combat  rapproche  ou  en  autodefense  (la  difference  entre 
ces  deux  actions  reside  dans  le  caractere  offenslf  de  la  premiere  et  dans  le  caractere 
defensif  de  la  seconde). 
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Les  missiles  passifs  peuvent  etre  utilises  en  autonome  et  dan^  oe  cas  ils  ne 
necessitent  pas  d'apport  d ' information  de  la  part  du  Systeme  d'Armes  de  I'avion,  si  oe 
n’est  I'ordre  de  tir  venant  du  pilote.  En  effet,  la  mission  se  realisant  dans  le  champ 
visual  du  pilote,  auoun  oalcul  de  domaine  de  tir,  aucune  identification  autre  que  vi- 
suelle  ne  sont  strictement  necessaires.  Si  le  missile  est  utilise  en  mode  integre,  il 
faut  alors  lui  transmettre  la  direction  d’accrochage  du  radar  et  les  exigences  quant  a 
oe  oapteur  deviennent  identiques  a  celles  que  nous  developperons  pour  les  missiles 
semi-actifs  dans  le  paragraphe  suivant. 

Par  ailleurs,  les  armements  passifs  n* imposent  aucune  contrainte  d'harmoni- 
sation  meoanique  sur  I'avion.  Les  principaux  problemes  mecaniques  que  doit  resoudre 
I'avionneur  sont  une  oryogenie  de  I'arme  et  I'adaptation  d'un  lance-missile  au  point 
d'emport  considere. 

En  conclusion,  nous  pouvons  dire  que  les  missiles  passifs,  du  fait  de  leurs 
exigences  reduites,  sont  des  armements  pouvant  s 'adapter  sur  tous  les  avions  et  sur 
tous  les  Systemes  d'Armes.  Le  MAGIC  en  est  une  preuve  du  fait  de  sa  presence  sur  une 
vingtaine  d'aeronefs  au  moins. 

3.2.  Cas  des  autod irecteurs  semi-actifs 


Les  missiles  semi-actifs  representent  un  ensemble  d'armement  dont  le  but  est 
de  realiser  des  interceptions  a  moyenne  portee.  L'autodireoteur  de  I'arme  est  du  type 
electromagnetique .  Le  SPARROW  ou  AIM7  (USA),  la  famille  des  530,  SUPER  530  F,  SUPER 
530  D  (FRANCE)  ou  encore  le  SKYFLASH  (ROYAUME  UNI)  sont  des  exemples  de  oe  type  d'ar¬ 
mement.  Ces  missiles  sont  plus  contraignants  pour  I'avionneur  que  les  missiles  pas¬ 
sifs  pour  deux  raisons  majeures  : 

-  leur  principe  de  fonctionnement 

-  leur  philosophie  d'emploi 

Le  principe  de  fonctionnement  de  ces  missiles  impose  a  I'avionneur  d'embar- 
quer  un  moyen  permettant  d'illuminer  continuellement  la  cible  et  d'assurer  pour  les 
missiles  utilisant  1 'effet  Doppler  (SUPER  530  D  par  exemple)  une  reference  arriere  du 
missile.  Ceoi  impose  done  : 

-  de  posseder  un  radar  et  un  mode  de  fonctionnement  de  ce  radar  permettant  1' illumi¬ 
nation  continue  de  la  cible  (poursuite  sur  information  continue) 

-  de  posseder  dans  certains  cas  un  illuminateur  continu 

-  de  boucher  les  trous  du  dlagramme  d'antenne  du  radar  pour  illuminer  la  reference 
arriere  de  I'arme 

Ce  principe  de  fonctionnement  a  egalement  pour  consequence,  du  fait  de  la  ne- 
cessite  d'illuminer  de  maniere  continue  la  cible  pendant  le  vol  complet  du  missile, 
d'augmenter  la  vulnerabilite  de  I'avion  par  perte  de  toute  information  sur  la  situa¬ 
tion  tactique  (apparition  d'autres  plots  radar  par  exemple)  pendant  oe  laps  de  temps 
(de  20  a  50  secondes)  mais  aussi  par  la  limitation  des  evolutions  de  I'avion. 

Par  ailleurs,  certains  missiles  necessitent  de  recevoir  un  niveau  minimal  de 
signal  oomme  reference  arriere,  ce  qui  impose  une  oertaine  puissance  d'emission  du 
radar  en  dehors  du  lobe  principal. 

La  philosophie  d'emploi  des  missiles  semi-actifs  etant  de  realiser  des  inter¬ 
ceptions  moyenne  portee,  la  cible  se  trouve  par  definition  hors  du  domaine  visuel  du 
pilote.  Ceoi  Impose  done  a  I'avionneur  de  concevoir  un  Systeme  d'Armes  possedant  : 

-  un  radar  permettant  de  detecter  les  cibles  suffisarament  loin  pour  utiliser  les 
capacites  maximales  de  I'armement  (generalement  on  considere  qu'il  existe  au 
moins  un  faoteur  1,8  entre  la  portee  de  I'arme  et  la  distance  de  detection  minima¬ 
le  du  radar) 

-  un  moyen  d' identification  sur  car  le  tir  est  effectue  sur  un  plot  radar 

-  un  moyen  de  calculer  les  domaines  de  tir  du  missile  et  les  lois  de  navigation  du 
chasseur 

-  des  informations  de  bonne  qualite  sur  la  position,  sur  la  vitesse  relative  chas- 
seur-cible  pour  calculer  les  domaines  et  lois  precedents,  ce  qui  impose  une  clas- 
se  de  performances  de  1 'unite  de  navigation  inertielle  et  du  radar  du  chasseur 

-  une  symbologie  adequate  pour  une  presentation  synthetique  des  informations  a 
1 'equipage . 

Le  fait  que  I'arme,  outre  des  informations  angulaires  sur  la  cible,  des  in¬ 
formations  de  distance  avion-oible  ou  de  vitesse  relative  avlon-cible  si  le  missile 
utilise  I'effet  Doppler,  regoive  un  echantillon  de  frequence,  a  pour  consequence  de 
constituer  des  couples  radar-arme,  ce  qui  est  une  contrainte  supplementaire  imposee  a 
1 'av ionneur . 

Par  ailleurs,  si  on  desire  avoir  la  possibilite  de  realiser  des  tirs  d'arme- 
ments  semi-actifs  ayant  leur  autodirecteur  deja  accroohe  sous  I'avion,  I'avionneur 
dolt  etudier  les  problemes  de  decouplage  avec  le  radar  et  de  realiser  un  systeme  de 
creneaux  temporals  par  exemple  pour  eviter  tout  probleme. 
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En  resume,  1 'utilisation  de  missiles  semi-actifs  impose  a 
I'avionneur  des  contraintes  sur  le  radar  (mode  adequat,  portee,  qualite  et  precision 
des  informations),  sur  I'unite  de  navigation  inertielle,  sur  1 ' identification  des 
plots  radar.,  sur  les  calculateurs  (domaines  de  tir  du  missile,  lois  de  navigation  du 
chasseur)  et  sur  la  presentation  des  informations  i  '.'equipage. 

3.3.  Cas  des  autod irecteurs  actifs 


Les  armements  actifs  representent  la  derniere  generation  d'armes  AIR/AIR  ti¬ 
res  d'avion.  Les  seules  etudes  en  cours  actuelleraent  sont  I'AMRAAM  (USA)  et  le  MICA 
(FRANCE).  Pour  ce  dernier,  la  plage  d'utilisation  possible  couvre  le  domaine  du  com¬ 
bat  aerien  et  s'etend  jusqu'a  celui  de  1  *  interception  longue  portee.  De  plus,  paral- 
lelement  a  1 ' augmentation  des  performances  et  des  capacites  de  ces  armes ,  la  possibi- 
lite  de  faire  du  tir  multicible  apparait. 

Suivant  le  type  d'utilisation,  le  vol  du  missile  se  deroule  de  maniere  diffe- 
rente  comme  le  raontrent  les  trois  cas  de  tir  suivants  : 

-  tir  a  longue  portee  t  trois  phases  de  vol 

1  :  vol  inertiel  avec  liaison  av ion-missile  pour  rafraichissement  des  infor¬ 

mations 

2  :  vol  inertiel  pur 

3  :  accrochage  de  1 'autodirecteur  actif 

-  tir  a  moyenne  portee  :  deux  phases  de  vol 

1  ;  vol  inertiel  pur 

2  :  accrochage  de  1 'autodirecteur  actif 

-  tir  a  courte  portee  de  combat  :  une  ou  deux  phases  de  vol  suivant  le  depointage 

(  0  :  reduction  du  depointage  si  il  est  important) 

1  :  accrochage  de  1 'autodirecteur  actif 

Les  trois  examples  precedents  montrent  que  le  cas  de  tir  le  plus  contraignant 
est  celui  du  tir  a  longue  portee.  Dans  ce  cas,  I'avionneur  doit  : 

-  realiser  une  liaison  avicn-missile,  c'est-a-dire  qu'il  doit  impianter  dans 
I'avicn  un  emetteur  ayant  des  performances  telles  qu’a  tout  instant,  le  bilan  de 
liaison  soit  assure 

-  assurer  a  1 'avion  et  au  missile  un  repere  de  reference  coramun 

-  assurer  un  alignement  par  recopie  du  missile  de  I'ordre  de  30  rard,  ce  qui  impose 
d'avoir  une  bonne  datation  des  informations  ineitielles  issues  du  Systems  d 'Armes 
de  I'avion 

-  assurer  une  detection  suffisamment  lointaine  des  cibles  et  done  d’integrer  au 
Systerae  d'A'^raes  un  radar  aux  performances  adequates 

-  assurer  une  identification  sure  des  plots  radar  detectes 

-  calculer  un  domaine  de  tir  do  plus  en  plus  complexe  du  fait  de  1 'augmentai ion  des 
performances  des  armements  et  done  de  disposer  de  parametres  Ilsus  du  "ysterae 
d'Armes  de  I'avion  de  plus  en  plus  precis  (radar  et  centrale  a  inertie) 

-  assurer,  du  fait  de  la  capacite  multicible,  la  gestion  de  plusieurs  missiles,  de 
plusieurs  designations  d'objectif,  de  plusieurs  liaisons  avion-raissile  et  de  pre¬ 
senter  de  la  maniere  la  plus  synthetique  possible  toutes  ces  informations  a 

1 'equipage 

-  assurer  des  criteres  de  choix  dus  au  multicible  (quel  missile  sur  quelle  cible  ?j 

-  prendre  en  compte  dans  la  definition  du  Systems  d’Arraes  les  charges  et  debits  de 
calcul  necessites  par  I'eraploi  de  ces  armements. 

En  ce  qui  concerne  le  tir  a  moyenne  portee  de  missiles  actifs,  les  problemes  a 
resoudre  sont  les  raemes,  a  I'exception  de  ceux  lies  a  la  liaison  avion-missile  qui 
disparaissent . 

Le  tir  a  courte  portee  ou  le  combat  necessitent  quant  a  eux  la  presence  de 
capteurs  (optroniques  ou  viseur  de  casque  par  exeraple;  supplementaires  pour  pouvoir 
effectuer  des  designations  d'objectifs  a  des  gisements  par  rapport  a  I’avion  allant 
jusqu'a  +  90  degres. 

Si  I'on  considers  un  systems  global  de  plusieurs  avion?  amis  (les  combats 
AIR/AIR  sont  rarement  du  un  centre  un),  les  armements  a  autodirecteur  actif  du  fait  oe 
la  capacite  multicible  qu'ils  apportent ,  accroissent  les  problemes  poses  a  I'avion¬ 
neur  pour  rendre  la  cooperation  efficace  : 

-  etablisseraent  d'un  repere  commun  entre  les  avLons 

-  etablissement  d'une  liaison  data  link  protegee  pour  les  echanges  d ' informations 

-  recherche  des  informations  necessaires  a  presenter  a  cheque  pilots 

-  prise  en  compte  de  parametres  externes  a  I'avion  dans  les  criteres  de  choix  multi- 
cible 


On  determine  ensuite  une  reprdsentation  d'dtet  rdcurrente  A  partir  de  la  representation  d'dtat 
continue  que  nous  venona  de  prdaenter  ;  aprda  avoir  enviaager  lea  critArea  d ’obaervabilitd  et  de 
gouvernebilltd  du  ayatAne  ainai  obtenu,  11  ne  reste  plus  qu'A  appliquer  la  thdorie  clasaique  du  filtrage 
de  KALMAN  diacret  pour  determiner  un  filtre  de  houle  numerique  optimal  (au  sens  d'une  variance  d'erreur 
minimale) . 
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En  resume,  I'emploi  de  missiles  actifs  impose  a  I'avionneur  de  resoudre  un 
nombre  eleve  de  problemes.  Du  fait  que  ce  concept  soit  en  cours  de  developpement  et 
afin  de  minimiser  ces  contraintes  pour  ne  pas  privilegier  un  aspect  au  detriment  d'un 
autre,  le  dialogue  doit  etre  permanent  entre  le  fabrioant  de  I'arme  et  I'avionneur  qui 
possede  une  vue  globale  du  probleme. 

4 .  CAS  DBS  ARMEMENTS  AIR/SOL  ET  AIR/MER  TIRES  D'AVION 


Autant  il  est  simple  de  classer  les  armements  AIR/AIR  tires  d 'avion  en  un  nom¬ 
bre  reduit  de  famille  (trois  en  1 ' occurrence ) ,  autant  cette  classification  est  diffi¬ 
cile  pour  les  armements  AIR/SOL  et  AIR/MER  tires  d'avion  du  fait  de  leur  grande  varie- 
te  (bombes  lisses,  bombes  freinees,  bombes  superfreinees ,  bombes  modulaires,  missiles 
a  autodirecteur  laser,  missiles  a  autod ireoteur  TV,  missile  a  autodireoteur  radar, 
roquettes ,  . .  .  )  et  des  particularites  de  chacun.  C'est  pourquoi  nous  avons  prefere 
faire  une  etude  des  differents  types  de  problemes  poses  a  I'avionneur  en  I'illustrant 
par  des  examples. 

Ces  problemes  peuvent  se  regrouper  en  quatre  themes  prinoipaux  mais  non  tota- 
lement  distinots  comma  nous  le  verrons  dans  la  suite  de  I'expose.  Ces  themes  sont  : 

-  contraintes  imposees  au  niveau  du  Systeme  d'Armes  de  1 'avion 

-  contraintes  au  niveau  des  evolutions  de  I'avion  pendant  la  mission 

-  contraintes  au  niveau  des  actions  de  1 'equipage 

-  contraintes  au  niveau  de  la  vulnerabilite  de  I'avion 


4.1.  Contraintes  au  niveau  du  Systeme  d'Armes 

L 'evolution  des  performances  et  de  la  complexite  des  armes  impose  d ' une  part 
une  qualite  tou jours  plus  grande  des  parametres  elabores  dans  le  Systeme  d'Armes  de 
I'avion  et  d'autre  part  parfois  la  presence  de  capteurs  externes  sans  lesquels  I'em¬ 
ploi  de  I'arme  serait  impossible. 

L'evolution  des  performances  des  armes  a  pour  consequence  de  donner  aux 
conditions  initiates  d ' ut ilisat ion  des  armes  une  part  de  plus  en  plus  importante  dans 
le  budget  d'erreur  final  de  ces  armements.  Ainsi  par  exemple,  si  I'on  considers  des 
tirs  sur  coordonnees  ou  une  phase  de  vol  de  I'arme  est  une  phase  de  navigation  iner- 
tielle  et  c'est  une  tendance  actuelle  afin  d'augmenter  les  portees,  I'avionneur  doit 
resoudre  les  problemes  suivants  : 

-  problemes  d 'harmonisation  raecanique  de  plus  en  plus  precise  de  I'arme  sur  son  py¬ 
lons  et  du  pylone  sur  I'avion,  ce  qui  augments  les  couts  de  fabrication 

-  problemes  de  procedure  d 'alignement  de  la  centrals  de  I'arme  sur  la  centrals  de 
I'avion,  ce  qui  a  pour  consequences  d'imposer  des  contraintes  d'evolution  de 
I'avion,  des  contraintes  sur  la  qualite  et  la  precision  des  informations  issues 
de  la  centrals  avion,  des  contraintes  sur  la  qualite  de  datation  de  ces  informa¬ 
tions,  des  contraintes  sur  la  qualite  des  recalages  preoedant  1 'alignement 

-  problemes  de  compensation  par  logioiel  des  modes  souples  de  I'avion 


Si  I'on  considers  maintenant  qu'une  liaison  data  link  mono  ou  bidirectionnel- 
le  entre  I'avion  et  le  missile  soit  necessaire  comme  cela  pourrait  etre  le  cas  pour  un 
missile  tire  sur  coordonnees  dont  on  voudrait  rafraiohir  la  designation  d'objectif  ou 
encore  le  cas  d'une  arme  de  type  MAVERICK  a  guidage  TV  dont  on  doit  transmettre  I'ima- 
ge  video  vers  I'avion  et  a  qui  on  doit  retourner  des  ordres  de  pilotage,  un  certain 
nombre  de  contraintes  apparait  pour  I'avionneur  : 

-  contrainte  d'avoir  a  tout  instant  quel  que  soit  1 'environnement  (brouille  ou  non) 
un  bilan  de  liaison  satisfaisant 

-  contrainte  d'assurer  une  protection  de  cette  liaison 

-  contrainte  d'assurer  un  champ  de  la  liaison  suffisant  pour  ne  pas  imposer  de  sur- 
oroit  un  domains  d'evolution  a  I'avion. 


Dans  le  cas  particulier  de  certaines  armes,  I'avionneur  est  contraint  de  dis¬ 
poser  dans  son  Systeme  d'Armes  de  capteurs  supplementaires .  C'est  le  cas  par  exemple 
des  armes  guidees  laser  qui  imposent  la  presence  d'un  pod  de  designation  laser  ou  d'un 
ecartometre  laser  si  le  tir  se  fait  en  cooperation  aveO  un  autre  avion  ou  tout  moyen 
permettant  d'illuminer  la  cible.  C'est  le  cas  egalement  de  certains  missiles  qui  ne- 
cessitent  la  presence  d'un  mode  radar  particulier. 


L'avionneur  se  trouve  aussi  contraint  du  fait  de  la  complexite  des  armes  et  du 
volume  d ' Informations  qui  leur  est  necessaire  tou jours  plus  grand,  de  dimensionner 
son  Systeme  d'Armes  en  fonction  du  volume  de  donnees  transitant  entre  I'avion  et  les 

armes  (parametres  inertiels,  cartes  predictives,  images  video . )  et  de  resoudre  de 

maniere  satisfaisante  le  probleme  de  la  datation  de  ces  informations. 


Par  ailleurs,  du  fait  de  ce  dialogue  de  plus  en  plus  complexe  qui  s'etablit 
entre  I'avion  et  I'armement  et  de  la  diversite  de  ce  dialogue  en  fonction  des  armes, 
I'avionneur  ne  pouvant  privilegier  telle  ou  telle  arme,  se  trouve  contraint  de  stan- 
dardiser  a  la  fois  les  interfaces  (norme  1760  B)  mais  aussi  les  postes  de  commandes  de 
ces  armes  en  multlplexant  lea  commandes  par  exemple. 
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Enfin,  de  la  meme  maniere  que  pour  les  armaments  AIR/AIR,  I'avionneur  doit 
calculer  des  domaines  de  tir  de  plus  en  plus  pointus  en  prenant  en  compte  des  modeli- 
sations  de  plus  en  plus  compliquees  (la  balistique  n'a  rien  a  voir  aveo  celle  d'une 
bombe  lisse  par  example)  mais  aussl  des  parametres  issus  de  oapteurs  precis  (centrale 
inertia,  radar,  moyen  de  telemetrie,  moyens  de  reoalages , . . . ) .  Cette  etape  franchie, 
I'avionneur  se  trouve  confronte  au  problems  de  la  presentation  synthetique  des  infor¬ 
mations  a  1 'equipage. 

En  resume,  les  principaux  problemes  poses  par  les  armaments  AIR/SURFACE  mo- 
dernes  au  niveau  du  Systeme  d'Armes  et  que  doit  resoudre  I'avionneur  sont  : 

-  contraintes  de  performances  capteurs  necessaires 

-  contrainte  d ' equipements  supplementaires  necessaires  a  1 'utilisation  de  certains 
armaments 

-  contrainte  de  volume  d'echange  entre  lar  armes  et  le  systeme  d'armes 

-  contrainte  de  standardisation  des  points  d'emports  et  des  postcs  de  commande  de 
oes  emports 

-  contrainte  de  datation  des  informations  transmises  aux  armes 

-  contrainte  de  presentation  simple  des  informations  a  1 'equipage 

Ces  contraintes  peuvent  etre  diminuees  en  nombre  et  en  severite  si  le  contact 
s'effectue  le  plus  tot  possible  entre  I'equipementier  et  I'avionneur  et  non  quand 
tous  les  choix  sont  verrouilles.  En  effet,  si  le  dialogue  s'effectue  le  plus  en  amont 
possible,  il  eat  alora  moins  complique  de  changer  le  debattement  d'un  autodirecteur , 
moins  complique  de  faire  evoluer  sa  sensibilite,  moins  complique  de  modifier  la  me¬ 
thods  de  guidage  ou  la  methode  de  recalage  d'un  missile  par  exemple. 

k.2.  Contraintes  au  niveau  des  evolutions  de  1 'avion 

L'utilisation  de  certaines  armes  AIR/SOL  (armes  guidees  laser,  armes  a  gui¬ 
dage  TV  par  exemple)  impose  a  I'avionneur  dans  la  realisation  de  sa  oonduite  de  tir 
associee,  de  reduire  le  domaine  des  evolutions  possibles  de  1 'avion  pendant  certaines 
phases  de  la  mission,  ce  qui  va  parfois  a  I'encontre  des  problemes  de  reduction  de  la 
vulnerabilite  de  1 'avion  (discretion,  distance  de  passage  par  rapport  a  la  cible). 

Avant  tir,  le  domaine  d'evolution  peut,  du  fait  de  la  necessite  d'un  certain 
type  d'alignement  de  la  centrale  inertielle  du  missile  sur  celle  de  1 'avion,  etre  re- 
duit  en  facteur  de  charge,  en  pente,  voire  meme  impose  si  oela  est  necessaire,  Des 
contraintes  d 'evolutions  avant  tir  existent  egalement  quand  1 'equipage  doit  faire  une 
designation  de  I'objectif  par  un  capteur  quelconque. 

Pendant  le  tir,  des  contraintes  d'evolutions  liees  a  la  reussite  du  tir  exis¬ 
tent  egalement.  Certaines  armes  ne  se  tirent  qu’en  palier,  d'autres  imposent  le  tir  en 
pique . 


Apres  tir,  les  contraintes  d'evolutions  de  I'avion  peuvent  etre  imposees 

par  ! 

-  le  fait  que  la  cible  doive  toujours  etre  illumlnee  (oas  des  armes  guidees  laser 
par  exemple) 

-  le  fait  que  la  cible  doive  renvoyer  un  niveau  minimal  d'energie  vers  I'autodirec- 
teur  de  I'arme  pour  qu'ii  accroche 

-  le  fait  que  I'on  doive  garder  le  missile  dans  le  champ  de  la  liaison  data  link 
avion-cible 

Ces  contraintes  d'evolutions  apres  tir  ont  pour  consequence  de  reduire  la 
distance  de  passage  de  I'avion  a  la  cible  et  done  d'augmenter  la  vulnerabilite  de 
I'avion.  Elies  pourraient  etre  reduites  dans  le  cas  ou  pour  une  nouvelle  arrae  la  coo¬ 
peration  entre  I'avionneur  et  I'equipementier  commencerait  suffisamment  en  amont. 
Ainsi  1 'augmentat ion  de  la  sensibilite  d'un  autodirecteur  deoidee  en  commun  pourrait 
avoir  pour  consequence  d'augmenter  al  distance  de  passage  avion-cible  et  done  de  re¬ 
duire  la  vulnerabilite  de  I'avion.  C'est  pourquoi  le  concept  de  travail  en  coopera¬ 
tion  de  plusieurs  avions,  I'un  en  basse  altitude  assurant  le  tir  du  missile,  1 'autre 
en  haute  altitude  plus  eloigne  de  la  cible  assurant  son  guidage  ou  1 ' illumination  de 
la  cible  est  a  developper  car  cela  permet  de  reduire  la  vulnerabilite  des  avions  et  la 
charge  de  travail  des  pilotes. 

4.3.  Contraintes  au  niveau  des  actions  de  1 'equipage 

L'evolution  des  armes,  la  complexite  toujours  croissante  de  leur  mise  en  oeu¬ 
vre,  font  que  I'avionneur  se  volt  contraint  de  trouver  des  solutions  pour  reduire  la 
charge  de  travail  de  I'equipage.  L'avionneur  est  alors  contraint,  soit  : 

-  de  privilegier  certains  actes  de  I'equipage  au  detriment  d'autres  (cas  du  missile 
a  autodirecteur  TV  que  el  pilote  dans  un  avion  monoplace  doit  guider  tout  en  pilo- 
tant  ;  le  guidage  est  privilegie  par  rapport  au  pilotage) 

-  de  multiplier  les  membres  de  I'equipage  (avion  biplane  ou  dans  I'exemple  prece¬ 
dent,  le  poste  avant  assurerait  le  pilotage  de  I'avion,  le  poste  arriere  le  gui¬ 
dage  du  missile)  mais  c'est  une  solution  chere 

-  de  securiser  certaines  informations  pour  que  le  pilote  n'ait  pas  a  les  verifier. 
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4.4.  Contralntea  au  niveau  de  la  vulnerablllte  des  avlons 


La  reussite  d'une  mission  depend  de  I'efficaclte  de  I'arme,  mais  aussl  du 
fait  que  1 'avion  alt  ete  dans  de  bonnes  conditions  au  moment  du  tir  afin  que  I'arme 
ait  son  efflcaoite  maximale.  Ceci  impose  de  reduire  la  vulnerablllte  potentielle  de 
I'avion.  Pour  cela,  I'avionneur  est  contraint  d'augmenter  les  contre-mesures  (pour, 
entre  autres,  proteger  I'avion  pendant  les  solutions  necessaires  as  I'alignement  du 
missile)  ou  encore  d'essayer  de  plaquer  au  maximum  les  emports  a  I'avion  pour  reduire 
la  Surface  Equivalente  Radar.  L'avionneur  est  aussi  contraint  de  solutionner  les  pro- 
blemes  de  compatlbillte  entre  les  armements  et  les  equipements  du  Systems  d'Armes 
(contre-mesures  par  example). 

5.  CONCLUSIONS 


Les  exemples  que  nous  venons  de  donner  aussi  bien  pour  les  armements  AIR/AIR 
tires  d'avlon  que  pour  les  ai'mements  AIR/SOL  et  AIR/MER  tires  d'avion  montrent  que  la 
sophistication  toujours  plus  grande  de  ces  armes  augments  le  nombre  de  problemes  que 
I'avionneur  doit  resoudre  en  effectuant  le  mellleur  ccapromis  possible  entre  I'avion, 
I'arme  et  1 'equipage  souvent  apres  qu'un  bon  nombre  de  parametres  aient  ete  fixes. 
C'est  pourquol,  les  "AVIONS  MARCEL  DASSAULT  -BREGUET  AVIATION"  estiment  que  le  dia¬ 
logue  "avionneur-fabricant  d'armes"  doit  etre  initialise  le  plus  tot  possible. 

Ainsi  par  example,  I'avionneur,  le  fabricant  d'armes,  les  equipementiers , 
avant  meme  d'avoir  deflni  I'avion,  doivent  realiser  des  etudes  de  concepts  en  commun 
pour  tenir  compte  des  evolutions  possibles  de  I'avion,  des  armements  et  des  oapteurs. 
Si  certains  points  paraissent  plus  diffioiles,  des  etudes  de  predeveloppement  pre¬ 
cises  sont  alors  necessaires  (developpement  exploratoire  multicible  par  example). 

Au  moment  de  la  definition  d'un  programme  avion,  les  AMD-BA  estiment  que 
1 'etude  systeme  qui  introduit  par  rapport  aux  etudes  precedentes  des  parametres  sup- 
plementaires  comma  la  vulnerablllte  avion,  sa  polyvalence,  les  problemes  d'interface 
homme-machi ne ,  de  standardisation  (ce  qui  implique  aussi  des  contraintes  sur  I'arme) 
doit  etre  realisee  en  commun  et  que  les  equipementiers  doivent  ensuite  participer  au 
developpement  complet  de  I'avion.  II  faut  aussi  souligner  que  toutes  ces  etudes  doi¬ 
vent  etre  realisees  en  n'oubliant  pas  que  1 'armament  considere  doit  egalement  s'adap- 
ter  sur  plusleurs  avions. 
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Get  article  a  pour  but  de  presenter  I'dtaC  de  I'art  i  la  SPIN  ec  i  1 'AEROSPATIALE  -  DIVISION 
HELICOPTERES  en  niaclAre  de  conception  ec  de  ddveloppement  de  systAmes  de  pilotage  auComatique  utilisant 
lea  Cechniquea  numdriquea. 

Dans  une  preoiAce  parcie,  nous  aborderons  pluc3c  lea  aspects  opdracionnels  des  missions  relatives 
aux  hdlicopCAres  en  gdndral  et  nous  esaaierons  de  ddcerminer  leurs  relations  avec  le  systAme  de  contrSle 
automatique  du  vol  au  travers  de  quelques  exemples. 

Dans  la  deuxiAme  partie  de  cet  exposA,  nous  insisterons  plus  particuIiArement  sur  les  aspects 
thdoriques  qu'il  est  ndcessaire  de  mattriser  afin  de  ddceminer  les  meilleures  lois  de  pilotage  de 
I'hAlicoptAre,  compatibles  avec  les  exigences  opArationnelles  de  sa  mission.  Nous  choisirons  pour  cela 
quelques  exemples  reprAsentaciCs. 

Enfin  dans  une  troisiAme  ec  dernlAre  partie  nous  prAsenCerons  le  sysCAme  de  conCrSle  auComatique  du 
vol  AP  165,  acCuellemenc  en  cours  de  dAveloppemenC  A  la  SFIM,  et  qui  intAgre  tous  les  besoins  recensAs  A 
I'heure  acCuelle  par  les  Crois  armes  (air,  terre,  mer)  relativemenc  aux  missions  que  I'on  confAre  aux 
hAlicopcAres.  L' application  au  cas  du  SUPER  PUMA  MK2  de  1' AEROSPATIALE  -  DH  (Marignane  ~  FRANCE)  servira 
de  support  A  cette  prAsenCaCion. 


I  -  STSTBOE  DS  COnSOLB  A0TaMATI(]OB  DO  VOL  ET  ASPECTS  OPERATIOmOtLS  SELATIFS  A  L  ’  OT ILISATIOE  DE 
L'HKLIOWTEEB 

1.1.  CONSIDERATIONS  GEHERALES 


Nous  allons  nous  aCtacher  A  metcre  en  Avidence  dans  ce  premier  chapitre  les  relations  trAs  fortes 
qui  existent  entre  la  dAfinition  opArationnelle  de  la  mission  de  tout  hAlicoptAre  et  les  caractAristiques 
qu'il  est  alors  nAcessaire  d'associer  au  systAme  de  conCrSle  automatique  du  vol  afin  que  I'hAlicoptAre 
puisse  rAaliser  cette  mission  dans  les  meilleures  conditions  et  avec  une  charge  de  travail  aussi  allAgAe 
que  possible  en  ce  qui  concerne  I'Aquipage. 

D'une  maniAre  gAnArale,  la  fonction  pilotage  automatique  de  n'imporce  quel  hAlicoptAre  peut  Acre 
dAcomposAe  en  deux  parties. 

Une  premiAre  partie  concerne  le  contrSIe  des  attitudes,  du  cap  et  des  vitesses  angulaires  autour  du 
centre  de  gravitA  de  I’hAlicoptAre.  La  seconde  partie  concerne  la  trajectoire  de  I'hAlicoptAre  dans 
I'espace  et  par  consAquent  le  contrSle  de  I'altitude,  des  vitesses  et  accAlArations  linAaires  dans  les 
trois  dimensions.  Far  la  suite,  on  utilisera  la  terminologie  "stabilisations  de  base"  pour  la  premiAre 
partie  et  "modes  supArieurs"  pour  la  seconde  partie. 

L'hAlicoptAre  possAde  un  comportement  nature!  relativement  instable  et  est  un  vAhicule  dont  les 
caractAristiques  de  fonctionnement  sont  fortement  non  linAaires  dans  I'ensemble  de  son  domaine  de  vol. 
C'est  par  ailleurs  un  aAronef  qui  prAsente  de  trAs  fortes  intAractions  entre  ses  diffArents  axes  de 
pilotage,  avec  des  dynamiques  e.ssez  rapides.  Far  example  un  mouvement  de  la  commande  de  pas  collectif 
(puissance  moteurs)  gAnAre  des  mouvements  importants  sur  les  autrea  axes  (en  tangage,  roulis  et  lacet), 
lorsque  I'hAlicoptAre  est  laissA  aux  mains  du  seul  pilote  husiain,  et  ce  bien  que  des  prAcautions  aient 
AtA  prises  dans  la  conception  mAcanique  de  I'hAlicoptAre  lui-mSme.  On  conqoit  alors  aisAment  qu'afin  de 
diminuer  la  charge  de  travail  du  pilote  humain,  et  pour  que  sa  mission  puisse  Acre  accomplie,  il  sera 
nAcessaire  de  lui  adjoindre  un  systAme  de  contrSle  automatique,  ce  systAme  devenant  d'autant  plus 
complexe  et  d'autant  plus  perfectionnA  que  I'hAlicoptAre  est  plus  difficile  A  piloter  et  que  les  missions 
qui  lui  sont  dAvolues  sont  de  plus  en  plus  sophistiquAes . 

Cependant,  la  faqon  dont  on  va  dAfinir  le  systAme  de  pilotage  ne  peut  Stre  fait  ni  dans  I'absolu,  ni 
de  maniAre  unique  (comme  on  pourrait  le  concevoir  pour  un  asservissement  linAaire  traditionnel) .  II 
a'agit  la  plupart  du  temps  d'un  ensemble  de  contraintes  qu'il  faut  prendre  en  compte,  tout  en  alliant  les 
objectifs  de  sAcuritA  et  de  performance  qui  sont  nAcessaires  pour  rAaliser  la  mission  de  I'hAlicoptAre. 

Nous  avons  abordA  prAcAdemment  le  problAme  de  1 ' interactivitA  entre  les  diffArents  axes  de 
pilotage  :  vouloir  faire  en  sorte  que  I'action  du  pilote  humain  sur  un  axe  de  pilotage  ne  touche 
systAmatiquement  que  les  paramAtres  de  pilotage  associAs  A  cet  axe,  en  admettant  que  ce  soit  possible,  ne 
serait  pas  obligatoirement  satisfaisant  car  il  est  des  situations  opArationnelles  oA  de  tels  couplages 
naturels  sont  tout  A  fait  bAnAfiques. 


T" 
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Par  exemple,  lorsque  ^  grande  vitesse  pour  des  raisons  de  confort  ec  de  sdcurit^  on  ddsire  piloter 
le  paramdCre  altitude  baromdtrique  par  I'axe  de  tangage,  alors  que  pour  plus  de  precision  et  &  vitesse 
plus  faible  on  voudra  contrdler  ce  mfime  param^tre  par  I'axe  collectif  (puissance  moteurs).  Par  contre, 
dans  d'autres  situationsi  il  est  impdratif  de  minimiser  ces  mSmes  couplages  lorsque^  par  exemple»  le 
pilote  humain  veut  effectuer  au  travers  du  syst^me  de  pilotage  une  connnande  manuelle  qui  contrdle  un  seul 
parasi^tre  et  de  maniSre  aussi  pure  que  possible. 

De  la  mdme  faqon  nous  avons  parl4  du  caract^re  tr&s  instable  de  1 'hdlicopt&re  autour  de  son  centre 
de  gravitd.  Si  dans  beaucoup  de  situations  on  cherche  avant  tout  A  obtenir  au  niveau  des  stabilisations 
de  base  des  tenues  de  paramAtres  A  long  tense  qui  soient  trAs  performantes,  il  est  des  casi  en  vol 
tactique  par  exemple,  o5  I'on  veut  conserver  ou  modifier  la  trajectoire  et  les  assiettes  d'un  hdlicoptAre 
par  de  faibles ddplacements des  commandes  de  vol*  et  oi^  I'on  cherchera  plutdt  A  utiliser  (voire  A 
amplifier),  tout  en  la  contrdlant,  1 ' instabilitd  naturelle  de  I'hdlicoptAre,  afin  que  ce  dernier  rdponde 
plus  vite  aux  sollicitations  du  pilote  humain  en  vitesse  angulaire  et  en  accdldration.  LA  encore,  on 
constate  que  pour  cheque  situation  opdrationnelle,  on  peut  determiner  un  systAme  de  contrdle  automatique 
qui  rdagisse  de  maniAre  tout  A  fait  adaptde,  et  ceci  aussi  bien  au  niveau  des  stabilisations  de  base 
qu'au  niveau  des  modes  supArieurs  :  ce  sont  les  modes  supArieurs  qui  le  plus  souvent  caractArisent  la 
mission  propre  A  I'hAlicoptAre. 

Dans  cette  presentation  nous  ne  passerons  pas  en  revue  tous  les  rdles  que  peut  jouer  I'hAlicoptAre 
en  ce  qui  concerne  les  aspects  opArationnels,  aussi  Lien  pour  les  missions  civiles  que  pour  les  missions 
militaires.  Cependant,  afin  de  bien  mettre  en  lumlAre  les  quelques  rAflexions  que  nous  venons  de 
proposer,  nous  allons  choisir  plusieurs  examples  assez  caractAristiques  qui  montrent  comment  I'on  va 
passer  du  contexte  opArationnel  A  la  synthAse  des  lois  de  pilotage,  et  surtout  avec  quelles  techniques  et 
quels  moyens. 

1.2.  ETUDE  DE  QUELQUES  FONCTIONALITES  PARTICULIERES  D'UN  SYSTEME  DE  PILOTAGE  POUR  HELICOPTERE 

1.2.1.  Missions  envisagAes 

Nous  allons  illustrer  notre  propos  en  choisissant  quelques  modes  supArieurs  de  pilotage  que  I'on 
rencontre  dans  les  missions  de  type  "Marine"  comme  le  sauvetage  en  mer  «  Search  And  Rescue)  ou  la 

lutte  ASM  (Anti  Sous-Marine) ,  ou  bien  encore  dans  les  missions  du  type  "Terrestre"  comme  le  tir  canon,  le 
tir  de  roquettes  ou  la  surveillance  du  champ  de  bataille.  Cependant,  avant  d'entrer  plus  directement  dans 
la  description  des  besoins  opArationnels  relatifs  A  ces  diffArentes  missions,  nous  allons  traiter  plus 
particuliArement  le  cas  des  stabilisations  de  base  de  I'hAlicoptAre,  fonctions  qui  prAsentent  certaines 
difficultAs  qu'il  faut  avoir  rAsolues  avant  d'aborder  I'aspect  mode  supArleur  pour  une  mission 
dAterminAe . 

1.2.2.  ProblAmes  llAs  aux  stabilisations  de  base 

Le  pilotage  d'un  hAlicoptAre  par  1 ' intermAdiaire  d'un  systAme  de  contrDle  automatique  du  vol  est  un 
problAme  complexe  dans  la  mesure  oA,  contrairement  A  I'avion,  I’hAlicoptAre  prAsente  des  dynamiques 
rapides,  des  non-llnAaritAs  marquAes  dues  aux  interactions  entre  les  diffArentes  parties  de  I'appareil 
(fuselage,  rotor  principal,  rotor  atriAre),  de  forts  couplages  entre  axes  et  des  instabilitAs 
prApondArantes  aux  basses  vitesses. 

Les  systAmes  actuals  de  pilotage  automatique  permettent  de  stabiliser  I'appareil  dans  tout  son 
domalne  de  vol  avec  des  performances  correctes,  mais  ne  rAsolvent  pas  complAteroent  le  problAme  des 
couplages  entre  les  4  axes  de  pilotage  dans  ce  mAme  domaine.  Par  ailleurs,  et  en  consAquence,  ils  ne 
diminuent  pas  suf f isamment  la  charge  de  travail  de  I'Aquipage,  compte  tenu  des  missions  de  plus  en  plus 
sophistiquAes  que  I'on  fait  rAalise**  A  I'hAlicoptAre. 

L'Avolution  des  techniques  numAriques  dans  le  domaine  aAronautique  a  ouvert  de  nouvelles  votes  dans 
la  maltrise  des  qualitAs  de  vol  des  hAlicoptAres  possAdant  des  systAmes  de  contrdle  automatique.  Les 
critAres  qu'il  est  nAcessaire  de  prendre  en  compte  aujourd'hui  dans  I'Alaboration  des  lois  de  pilotage 
concernent  non  seulement  la  stabilitA  (statique  et  dynamique)  du  vAhicule  en  cas  de  perturbations,  mais 
ce  sont  aussi  ceux  qui  permettent  d' assurer  par  ailleurs  une  bonne  mattrise  du  dAcouplage  des  commandes 
et  des  Atats  selon  les  modes  de  fonctionnement  envisagAs,  une  raanlabilitA  accrue  de  I'aAronef  et  surtout 
qui  permettent  de  confArer  une  robustesse  maximale  au  systAme  de  contrdle  automatique,  et  ce  dans  tout  le 
domaine  de  vol  de  I'hAlicoptAre,  c ' est-A'dire  de  -  10  kt  A  VNE  (vitesse  maximale  admissible). 

Par  ailleurs,  le  systAme  de  contrdle  automatique  du  vol  d’un  hAlicoptAre  au  niveau  de  sea 
stabilisations  de  base  doit  pouvoir  Atre  surpassA  A  tout  moment  par  le  pilote  humain  de  maniAre 
"transparente" ,  c'est-A-dire  sans  que  cela  ne  provoque  d'A-coups,  ni  de  discontinuitAs  sur  I'Atat  de 
I'hAlicoptAre,  y  compris  sur  les  mouvements  de  ses  servo-commandes.  Pour  cela,  les  critAres  de  passage  de 
la  phase  pilotage  automatique/pilotage  humain  A  la  phase  pilotage  huma^n/pilotage  automatique  doivent 
Atre  dAterminAs  de  maniAre  trAs  prAcise. 

On  imagine  aisAment,  compte  tenu  de  tous  les  problAroes  AnoncAs  prAcAdemment ,  que  seules  des 
techniques  avancAes  de  1 ' automatique  nous  permettront  de  dAfinir  les  "meilleures"  stabilisations  de  base 
pour  un  hAlicoptAre  donnA.  Ce  sera  I'objet  d'une  partie  du  chapitre  2,  oi^  nous  prAsenterons  rapidement 
les  Atudes  qui  ont  AtA  faites  sur  ce  point  parciculier. 

1.2.3.  Cas  dee  missions  du  type  "Marine" 

La  SFIM  1 'AEROSPATIALE  ~  DH  se  sont  efforcAes  ces  derniAres  annAes  de  dAfinir  et  de  mettre  au 
point  en  vol  des  fonctions  liAes  aux  opArations  de  sauvetage  en  mer  et  de  lutte  anti  sous-marine.  Tous 
les  modes  supArieurs  correspondant  A  ces  missions  ont  AtA  intAgrAs  dans  le  systAme  Coupleur  De  Vol 
CDV  133  sur  les  hAlicoptAres  Dauphin  363  Nl  et  Super  Puma  332.  Ce  systAme  est  actuellement  en  production 
sArie. 


La  fonctloQ  done  nous  allons  presenter  aainCenanC  les  principaux  aspects  opdrationnels  est  la 
''Transition  autoiaati^ue  vers  le  bas".  C'est  un  mode  de  pilotage  coaplexe  qui  ndeessite  le  contrdle  des 
4  axes  sioiultandiDent* 

La  mlse  en  place  d'une  telle  fonction  suppose  que  les  probl&mes  lids  aux  stabilisations  de  base 
soient  parfaitement  rdsolus  en  tout  pointy  car  ce  mode  de  pilotage  met  en  jeu  tout  le  domalne  de  vol  de 
I'hdlicoptdre*  Bn  effet>  h  partir  d'un  dtat  initial  quelconque  (vitesse  longitudinale,  vitesse  verticale» 
hauteur  radio-'sonde) >  le  systdme  de  navigation  ayant  amend  auparavant  1 'hdlicoptdre  face  au  vent,  par  un 
simple  appui  sur  la  touche  (T.DWN)  du  poste  de  coamande,  le  systdme  de  contrdle  du  vol  doit  pouvoir,  d 
cap  constant,  amener  I'hdlicoptdre  au  stationnaire  (vitesses  Doppler  stabilisdes  b  adro)  et  b  une  hauteur 
radio'^sonde  (min.  40  ft)  prdaffichde  par  I'dquipage  avant  I'engagement  du  mode.  Cette  transition  vers  le 
bas  au-dessus  de  la  mer  doit  dtre  possible  de  jour  cooBse  de  nuit,  dans  de  mauvaises  conditions  mdtdo,  et 
pour  des  dtats  de  mer  allant  juaqu'b  force  3*6.  Par  ailleura  la  transition  automatique  doit  avoir  un 
comportement  parfaitement  reproductible  en  terme  de  distance  au  naufragd  pour  des  conditions  Initiales 
identiques,  s'effectuer  en  temps  minimal  et  respecter  un  grand  nombre  de  contraintes,  pour  des  raisons  de 
confort  mais  aussi  de  sdcuritd.  Les  contraintes  principales  portent  sur  les  accdldrations  et 
ddcdldrations  longitudinales  admissibles,  sur  les  vitesses  verticales  que  I'hdlicoptbre  peut  prendre  au 
fur  et  b  mesure  qu'il  descend  et  au  fur  et  b  mesure  que  sa  vitesse  longitudinale  (air  ou  sol)  diminue. 

En  outre,  le  profil  de  descente  doit  6cre  optimal  et  ndeessite  un  couplage  paramdtrique  temporal 
entre  les  axes.  D'autres  contraintes  peuvent  dgalement  apparattre,  notamnent  afin  d'dviter  tout  recul 
final  lors  de  la  mise  b  plat  au  stationnaire  et  pour  limiter  les  Evolutions  d'assiettes  en  tangage  et 
roulis.  Par  ailleurs,  le  pilotage  en  altitude  et  en  vitesse  doit  Itre  prEcis.  Au  ddpart  de  la  transition 
vers  le  bas  b  grande  vitesse,  un  cabrd  b  pas  constant  ayant  tendance  b  faire  remonter  1 'hdlicoptbre,  le 
couplage  entre  les  axes  tangage  et  collectif  doit  Etre  minimum.  Cette  brbve  description  des  aspects 
opErationnels  lids  b  un  tel  mode  montre  qu'il  sera  ndeessaire  lb  encore  de  mettre  en  oeuvre  un  certain 
nombre  de  techniques  de  1 ' automatique,  comme  nous  le  verrons  dans  le  chapitre  2. 

1.2.4.  Cas  des  missions  du  type  "Terrestre" 

A  I'heure  actuelle,  plusieurs  expdrimentations  sont  mendes  par  AEROSPATIALE*DH  et  SFIM  en  ce  qui 
concerne  la  mise  au  point  en  vol  de  fonctions  telles  que  le  tir  canon  et  le  tir  de  coquettes,  destindes 
au  Dauphin  365  M  "Panther",  ou  la  surveillance  du  champ  de  bataille  b  I'aide  d'une  antenne  radar 
adroportde  sur  Puma  330  (systbme  prd-ORCHIDEE) . 

Nous  avons  volontairement  regroupd  ces  diffdrentes  fonctions  car  elles  prdsentent  du  point  de  vue 
opdrationnel  des  similitudes  assez  proches  en  ce  qui  concerne  1' interaction  du  systbme  d'armement  avec 
I'hdlicoptdre  porteur  et  ndeessitent  la  mise  en  oeuvre  de  techniques  de  1 ' automatique  qui,  contrairement 
aux  autres  fonctions  que  nous  avons  aborddes  dans  les  paragraphes  prdeddents,  n'entrent  pas  vdritablement 
dans  un  cadre  thdorique  convent ionnel. 

a)  Relativement  au  tir  canon,  il  est  ndeessaire  que  le  pointage  de  I'arme  soit  extrdmement  prdcis  et 
que  I'hdlicoptdre  soit  en  configuration  stationnaire,  ou  en  virage  b  grande  vitesse,  ou  encore  en  vol  de 
translation  rectiligne  avec  I'axe  du  canon  situd  selon  un  autre  axe  en  site  et  gisement.  Or  dans  de 
telles  conditions,  le  tir  en  rafale  de  cette  arme  est  de  nature  b  induire  sur  I’hdlicoptbre  lui*mdme  des 
mouvements  qui  vont  ddgrader  considdrablement  la  prdcision  du  tir. 

b)  Pour  ce  qui  est  du  tir  de  coquettes,  le  probldme  est  sensiblement  le  mEme  encore  que,  I'armement 
dtant  fixe  en  gisement  par  rapport  b  I'hdlicoptdre,  il  peut  exister  des  situations  qui  induisent  des 
mouvements  dissymdtriques  en  lacet  au  niveau  du  porteur.  Par  ailleurs  la  prdcision  du  tir  est  aussi 
fortement  tide  b  ceLle  des  informations  du  sytdme  de  visde  et  de  tdldmdtrie  laser  dventuelle.  Or  sous 
I'action  d'un  tir  de  coquettes  en  rafale,  les  mouvements  subis  par  I'dquipage  rdduisent  considdrablement 
le  confort  de  visde. 

c)  Enfin  en  ce  qui  concerne  le  fonctionnement  de  1 'antenne  radar  tournante  adroportde,  il  existe 
dgalement  un  compromis  b  trouver  entre  la  prdcision  de  stabilisation  du  faisceau  de  I'antenne  et  les 
effets  adrodynamiques  induits  sur  I'hdlicoptdre  en  translation  rectiligne  de  80  kts  b  120  kts,  par  le 
fonctionnement  de  I'antenne  elle*mdine  :  une  telle  antenne  peut  en  effet  prendre  des  conf igurations  trds 
varides  relativement  au  site  et  au  gisement  de  son  axe  principal,  par  rapport  b  I'axe  principal  du 
porteur,  et  en  ce  qui  concerne  son  balayage  par  rapport  b  son  axe  principal. 

Dana  les  crois  cas  que  nous  venons  d'aborder,  on  conqoit  aisdment  que  le  systdme  de  pilotage 
automatique  aura  un  rdle  prdponddrant  b  jouer  afin  de  confdrer  b  I'ensemble  (systdme  d'armes,  porteur) 
une  prdcision  suffiaante  dans  toutes  les  configurations  opdrationnelles  relatives  b  la  mission  de 
L 'hdlicoptdre  sur  lequel  11  sera  montd.  Cependant,  comme  nous  allons  le  voir  dans  le  chapitre  suivant, 
les  techniques  de  1 ' automatique  utilisdes  pour  rdsoudre  ce  type  de  probldmes  sont  relativement  pauvres  et 
appartiennent  b  la  catdgorie  des  "prdcoomandes"  en  boucle  ouverte. 

2  -  TBCHaiQOBS  DB  L'ADTQHATIQOB  ET  ETUDE  LOIS  DE  PILOTAGE  POUR  HELICOPTERE 

2.1.  INTRODUCTION 

Les  principales  techniques  de  I'automatique  que  nous  avons  dtd  amends  b  utiliser  ces  dernldres 
anndes  ddcoulent  directement  des  spdcificitds  opdrationnelles  relatives  aux  quelques  examples  que  nous 
avons  prdsentds  prdeddemment.  Par  ailleurs,  leur  introduction  dans  1 'dlaboration  des  systdmes  de  contrOle 
automatique  du  vol  a  dtd  grandement  facilitde  par  I'utilisation  des  techniques  numdriques. 
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Les  quelques  theories  que  aous  avons  retenues  pour  r^aliser  certaines  lois  de  pilotage  ont  fait 
I’objeC  de  nombreux  travaux  ^  la  SFIM  et  ^  1 'AE&OSPATXALE-DHy  travaux  qui  ont  dtd  soutenus  par  la 
Direction  G4ndrale  pour  I'Armeraent  (DRET  et  STTE).  Dans  la  suite  de  cette  presentation,  nous  n'entrerons 
pas  de  maniere  explicite  dans  un  ddveloppeineat  thdorique  quelque  peu  rdbarbatif  mais  nous  insisterons 
plutbt  sur  les  tadthodes  qui  ont  servi  ^  la  determination  de  lois  de  pilotage  performantes . 

En  particulier,  nous  aborderons  I'utilisation  des  techniques  de  conmande  multivariable  en  ce  qui 
concerne  la  definition  des  stabilisations  de  base  d*un  heiicoptdre,  et  1 'utilisation  des  techniques  de 
commande  optimale  et  de  filtrage  de  KALMAN  en  ce  qui  concerne  la  synthese  de  certaines  lois,  comme  celles 
relatives  au  mode  "Transition  automatique  vers  le  bas"*  La  determination  des  precommandes  relatives  au 
fonctionneuienC  particulier  de  certains  systemes  d'armes  sera  egalement  abordde.  Pour  chacun  des  exemples 
choisis,  nous  prdsenterons  bridvement  les  rdsultats  obtenus.  Par  ailleurs,  sans  toutefois  entrer  dans  le 
detail,  nous  parlerons  dans  ce  chapitre  des  outils  informatiques  qui  supportent  les  quelques  mdthodes 
prdsentdes. 

V.- 

2.2,  EXEMPLE  DES  STABILISATIONS  DE  BASE  POUR  HELICOPTERE 
2,2.1.  Position  du  probldme 

Ayant  choisi  un  cas  de  vol  donnd  et  un  type  d'hdlicoptdre,  les  paramdtres  que  I'on  peut  fixer  a 
priori  dtant  I'altitude,  la  vitesse^air  longitud inale,  la  masse,  le  centrage,  la  vitesse  verticals  et  le 
ddrapage  initiaux  de  I'appareil,  un  meddle  lindaire  tangent  d'ordre  8  peut  8tre  gdndrd  d  partir  du  moddle 
non-lindaire  S80,  reprdaentatif  du  comportement  de  I'hdlicoptdre,  moddle  ddveloppd  par  AEROSPATIALE-DH  et 
que  nous  utilisons  pour  la  mise  au  point  des  systdmes  de  pilotage  actuals. 

Dans  une  premidre  phase,  lea  noddles  llndaires  sur  lesquels  nous  travaillons  se  prdsentent  sous  une 
forme  d'dtat  classique  : 

i  X  =*  AX  +  BU 
/Y  «  CX 


oD 


X  est  le  vecteur  des  dtats  de  1 'hdlicoptdre. 


Y  est  le  vecteur  des  nesures  effectudes  d  bord, 

U  est  le  vecteur  des  commandes  de  pas  (cycllque  longitudinal ,  collectif,  cyclique  lateral,  palonnier), 
relatives  au  rotor  principal  et  au  rotor  anti^couple. 

Quelques  remarques  s'imposent  en  ce  qui  concerne  les  matrices  A  et  B,  qui  justifient  la  ndcessitd  de 
1 ' introduction  d'un  systdme  de  stabilisation  de  I'hdlicoptdre  : 


-  Les  valeurs  propres  de  la  matrice  A  qui  caraetdrisent  les  modes  de  I 'hdlicoptdre  "naturel"  ne  sont 
pas  satisfaisantes  en  tenses  de  stabilitd  :  parties  rdelles  positives  (modes  instables),  amortissements 
insuffisants  (pour  les  modes  stables). 


-  Les  matrices  A  et  B  ont  un  caraetdre  "complet",  e'est-d-dire  peu  de  coefficients  nuls,  tdmoignant 
\  d'une  forte  interaction  entre  les  diffdrents  dtats  et  entre  les  diffdrentes  commandes,  ce  qui  traduit  un 

fort  couplage  entre  les  mouvements  sur  les  diffdrents  axes  pour  I'hdlicoptdre  naturel* 


-  Ces  matrices  ont  par  ailleurs  des  dvolutions  extrdmement  non-lindaires  lorsque  I'on  parcourt  le 
domaine  de  vol  de  I'hdlicoptdre,  e'est-d-dire  principalement  du  stationnaire  d  la  croisidre  d  vitesse 
maximale,  la  vitesse-air  longitudinale  dtant  le  paramdtre  prdponddrant,  L’analyse  de  ces  dvolutions 
correspond  d  une  seconde  phase  de  travail  mais  cette  fois  en  utilisant  le  moddle  non-lindaire  de 
I'hdlicoptdre. 

Finalement  il  s'agit  done  de  ddterminer  des  lois  de  pilotage  qui  permettent  : 

a)  la  stabilisation  de  I'appareil  en  boucle  fermde,  avec  une  dynamique  imposde, 

b)  un  ddcouplage  statique  aussi  bon  que  possible  des  axes  de  pilotage, 

c)  le  ddcouplage  dynamique  des  commandes  d  la  disposition  de  I'dquipage, 

d)  une  rdjection  maximale  des  perturbations  extdrieures  agissant  sur  I'dtat  de  I'hdlicoptdre, 

e)  et  1 'adaptation  de  I'appareil  en  tout  point  de  son  domaine  de  vol  (robustesse) . 

Pour  atteindre  cet  objectif,  nous  avons  essayd  plusieurs  mdthodes  que  nous  avons  ensuite  compardes 
entre  elles,  afin  de  retenir  autant  que  possible  celles  qui  prdsentent  le  meilleur  compromis 
"performance/facilitd  de  mise  en  oeuvre  et  d'optimisation". 

2.2.2.  Prdsentation  des  mdthodes  multivariables  retenuea  pour  cette  dtude 

Elles  appartiennent  essentiellement  d  deux  groupes  : 

-  le  groupe  des  mdthodes  frdquentielles,  qui  permettent  la  conception  de  systdmes  de  contrSle 
robustes  d  partir  de  moddles  non  exacts, 
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*  le  groupe  des  ndthodes  gdomdtriques,  qui  penaetcent  de  dominer  la  structure  interne  du  syst&ae  k 
contrOler^  mais  qui  ndcessitent  des  noddles  relativeaent  dprouvds  si  I'on  veut  obtenir  des  lois  de 
conande  robustea. 


a)  Mdthodes  frdguentieXles 

Elies  permettent  une  extension  au  cas  multivariable  des  notions  classiques  en  monovariable  i 
savoir  :  lieu  de  Nyquist/Bode)  marge  de  gain  eC  marge  de  phaset  lieu  des  pBles. 

Nous  rappelons  ci*aprfes  les  principes  gdndraux  de  I'analyse  frdquentielle  des  syst&mes  : 

^^hode  de£  l.ieux  £*£.*ct£r^st^i£ues_ 

Considdrons  un  systdme  propre  ^  (A»  B,  C)  ddcrit  par  sa  representation  d'dtat  : 

iX  -  AX  +  BU 
Y  -  CX 


X  est  le  vecteur  d'dtat  de  dimension  n, 

U  et  Y  sont  respectivement  le  vecteur  des  commandes  et  le  vecteur  des  mesures  de  dimension  m. 

A|  B,  C  sont  des  matrices  de  dimensions  approprides. 

Etudions  le  systdme  en  boucle  ouverte  :  soit  g(s)  la  fonction  algdbrique  ddfinie  par  I'dquation 
caractdristique  : 

(i)  die  (g  i  -  G(s))  -  d«;  (g  I„  -  C  («  I  -  A)''  B))  -  0 
m  ^  m 

oCi  GCs)  est  la  fonction  de  transfert  du  systdme  en  boucle  ouverte. 

Les  m  branches  de  gCs)  forment  I'ensemble  des  fonctions  analytiques  !  SiCs){  distinctes  localement, 
appeldes  fonctions  de  gains  caraetdristiques  (GC)  ;  les  vecteurs  propres  jw{(s)j  associds  aux  valeurs 
propres jg^Cs)} sont  les  Directions  Caraetdristiques  (DC).  Les  lieux  des  |gi(s)[  obtenus  lorsque  s  ddcrlt 
le  contour  de  Nyquist  dans  le  sens  horaire  sont  appelds  Lieux  Caraetdristiques  (LC). 

L' introduction  de  g(s)  permet  de  gdndraliser  au  cas  multivariable  le  critdre  de  stabilitd  de  Nyquist 
et  I'approche  Nyquist/Bode  classique. 

En  effett  considdrons  la  forme  dyadique  de  G(s)  : 

C(a)  -  2  g.(g)  w.(*)  V.^Cs) 

11  i  •  1  ‘ 

e.t  I'ensemble  des  veeceurs  propres  duals  de  ‘ 

Si  R(s)  esc  la  matrice  de  fonction  de  transfert  du  systbme  en  boucle  fermde)  elle  admet  la 
ddcomposition  dyadique  suivante  : 

m  gjCs)  m 

R(s)  -  2  - - -  W.is)  V.  (s)  -  £  r.(s)  W.(s)  V.  (s) 

i  ”  1  >  +  gjis)  ^  ^  i-l*^  ''  ^ 

Les  directions  caraetdristiques  sont  done  conservdes  par  retour  unitaire  et  les  gains 
caractdristiques|r j^(s)|s 'dcrivent  simplement  : 

gj^(s) 

rj^is)  •  -  ,  pour  i  =  1,  ...  m 

1  ♦  gi(s) 

ce  qui  permet  de  caraetdriser  aisdment  le  comportemenC  en  boucle  fermde  du  systdme  A  parcir  de  son 
comportement  en  boucle  ouverte,  de  la  mSme  faqon  qu'en  monovariable. 

D'autre  part,  1' introduction  de  la  notion  d'Angle  d'Alignement  (AA),  qui  mesure  I'angle  des 
directions  propres  par  rapport  A  la  base  naturelle,  permet  de  donner  une  bonne  dvaluation  du  degrd 
d' interaction  du  systdme. 

Md^hode  du_Heu  de£  £®ie»  H**Afi’'£*’i*t^** 

Considdrons  I'dquation  caractdristique  duale  de  la  prdeddente  (i)  : 

(ii)  det  (a  I  -  S<g))  »  det  (*  I  -  (A  +  g"^  BC))  -  0 

ddfinissant  la  fonction  de  frdquenc^  caractdristique  S(g).  11  s'agit  d'dtudier  systdmatiquement  la 

variation  de  S(g)  en  posant  g  - - avec  k  variant  de  0  A  1'  cd  ,  de  fa(on  analogue  au  cas 

monovariable.  Le  lieu  des  frdquences  caraetdristiques  S(g)  ddfinic  le  Lieu  des  PSles  Multivariables 
(LPM). 

Les  points  de  ddpart  du  LPM  (k  •  0)  sont  les  pSles  du  systAme  en  boucle  ouverte. 
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Pour  k  cx>  ,  un  cercaia  noobre  de  frequences  carectdristiques  Cendent  vers  des  positions  finies 

ou  sdros  finis  (ZF).  Sous  rdserve  de  coapiete  contrdlebilite  et  d'observabilitd,  on  montre  que  les  ZF 
sont  les  zdros  invariants  du  systeoe.  Les  frequences  caractdristiques  restantes  tendent  asymptotiquenent 
vers  1'  00  (ou  zdros  infinis  (ZI)). 

Ap£roche_h^bride_:_l^eu  de£ 

Une  telle  approche  intbgre  k  la  fois  les  techniques  aultivariables  classiques  (diagraomes  de 
Nyquist/Bode)  et  les  techniques  du  lieu  des  pdles.  En  effet»  il  a  dtd  prouve  que  ces  deux  techniques 
matheaatiquenent  duales  peuvent  §tre  utilisdes  de  nanikre  conpldaentaire  :  on  utilise  dans  un  meme  temps 
une  description  interne  (variables  d'dtat)  et  une  description  externe  (matrice  de  fonctions  de 
transfert).  Cette  ddaarcbey  qui  est  beaucoup  plus  efficace  que  I'une  ou  I'autre  des  deux  mdthodes 
appliqudes  sdpardmenty  conporte  en  fait  deux  dtapes  importantes  : 

*  un  bouclage  interne  rapide  exploitant  au  maxioua  tous  les  dtats  accessibles  du  systkme, 

*  une  boucle  externe  utilisant  les  sdthodes  frdquentielles  afin  d'atceindre  les  performances 
dynamiques  et  ddcouplages  requis. 

Cependanti  la  complexitd  du  problkme  posd  et  notamsent  pour  1 ' application  k  I'hdlicoptkret  ndcessite 
I'utilisation  d*un  logiciel  d'aide  k  la  conception  (CAOK 

Pour  les  mdthodes  ddcrites  prdckdeisaentt  il  s*agit  du  logiciel  U.M.I.S.T.  ddveloppd  par  I'Universitd 
de  Manchester.  Get  outil  informat ique  est  iaplantd  sur  VAX/VMS.  Un  vaste  enseokble  de  progranme  FORTRAN 
peraet  I'analyse  en  ligne  et  1' introduction  aux  mdthodes  de  conception  et  simulation  de  systkmes  mono  et 
multivariables.  Les  programmes  de  conception  sont  utilises  dans  un  mode  interactif»  en  conversationnel 
sur  console  graphique. 

b)  Mdthodea  gdondtriques 

Nous  nous  proposons  de  presenter  ici  les  grandes  lignes  de  ces  mdthodes  sur  1' example  d'un  retour 
d'dtat. 

On  considkre  le  systktse  : 

X  -  AX  +  BU  (1) 

k  n  dtats  (vecteur  X)  et  m  entrdes  (vecteur  U):  A  matrice  n  lignes  x  n  colonnes^  B  matrice  n  lignes  x 
m  colonnes. 

On  cherche  k  rdguler  le  ayst^me  par  un  retour  d'dtat  :  U  »  RX  (K  matrice  m  lignes,  n  colonnes)  tel 
que  le  sy  itksie  en  boucle  fensde  (la  matrice  Af  *  A  BR)  admette  comme  valeurs  propres  I'ensemble 
i  ■  1  ...  de  notre  choix. 

Les  vecteurs  propres  du  systkme  en  boucle  femde  V.  associds  un  par  un  aux  valeurs  propres  s-  sont 
caractdrisds  par  :  ^  ^ 


(A  +  BK)  V.  •  s.  V.  pour  i  •  1,  n  (2) 

soit  en  tout  n  systkmes  lindaires  (un  par  valeur  propre  s^)  k  n  dquations  (V^  de  dimension  n). 

D'une  manikre  gkndrale,  le  principe  de  I'approche  gdomdtrique  consiste  k  fonsuler  les  objectifs  de 
commande  (cahier  des  charges)  en  tenses  de  contraintes  sur  les  V.  mises  sous  formes  d’dquations.  Ces 
dquations,  allides  aux  Equations  de  ddfinition  des  V.,  permetteni  de  les  calculer  tous  puis  d’en  dkduire 
le  retour  d'dtat  K.  Pour  cela,  on  a  recours  au  thkorime  suivant  ;  pour  une  valeur  propre  s.  souhaitke  en 
boucle  fermde,  I'ensemble  des  vecteurs  propres  associds  vdrifie  le  systkme  :  ^ 

[*  -  •'  ■■  •]■[?]■  ” 


Ainsi  on  associe  k  cheque  s. 
d'entrde"  et  ddfini  par  W.  «  RV-. 
portent  chacun  sur  un  couple  (V., 
doivent  seulement  satisfaire  (2^, 


(done  k  cheque  V.)  un  vecteur  de  dimension  m  appeld  "direction 
Ceci  permet  de  dlcomposer  la  recherche  de  R  en  n  problkmes  vectoriels 
W^).  En  effet,  en  I'absence  d'objectifs  de  commande  les  (V.,  W.) 
que  l*on  dcrit  ;  ^  ^ 


(A 


8.  I)  V.  ♦  B  W. 
11  1 


0 


(3) 


soit  pour  cheque  s.,  n  dquations  lindaires  k  n  ^  m  inconnues.  Ces  systkmes  sont  done  sous-ddterminds  et 
il  nous  est  alors  possible  d'introduire  dans  chacun  d'eux  m  dquations  lindaires  de  notre  choix,  sur 
lesquelles  nous  exprimerons  les  objectifs  de  commande. 
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Supposons  que  nous  ayons  fait  cela  at  r^solu  an  V-  at  chaqua  syat^iaa  ainsi  compl^t^,  associ^  & 
chaqua  valeur  propre,  nous  d^duirons  alors  la  retour  d^dtat  an  remarquant  que  d'aprds  (3)  : 

["i’  “2 . 

y“~-  v"^ 

(oO  X2»  ...f  X^J  d^signe  la  matrice  fornde  par  les  vecteurs  colonnea  X^,  X^)>  On  a  done  : 

K  -  WaV-1  (5) 

(I'inveraibilitd  de  V  esC  garantie  par  la  fait  qua  lea  V-,  dtant  aaaocids  A  das  valeura  proprea  a- 
auppoadea  diatinctea,  formant  alora  una  baaa)«  ^ 

Juaqu'icL  il  ne  a'aglt  que  d'une  faqon  da  poaer  la  calcul  de  K.  Maia  I'lntdrSt  de  formuler  le 
problAma  an  tarme  d'dquatlona  aur  lea  compoaantaa  da  V>,  rdaide  dana  le  r81e  que  jouant  lea  dana  la 
rdponae  du  ayatdaia  an  boucla  farmda  aoumla  A  une  condition  initiale  Xo  aur  I'dtat  X. 

Rappelona  la  forme  da  cette  rdponaa.  La  ayatAne  an  boucle  fermde  obdit  A  : 

X  -  AfX  (6) 


dont  la  aolution  eat  : 


X(t)  -  exp  (Af.t)  X^ 


(7) 


Cette  dernidre  expraaaion  ae  ddeompoae  en  aomme  de  contributiona  dea  diffdrenta  modea  : 

n  n 

I 


X(t)  ■  I  q.  exp  (a.t)  V.  (avec  X^ 
^111  0 


^  Cq.  V.)) 

^_1^  -  -  ^  i-1 

Une  telle  dcriture  permat  de  ae  rendre  compte  que  la  rdponae  du  ayatAme  en  boucle  fermde  ddpend 


^  dea  valeura  proprea  qui  fixant  le  caraetdre  convergent  ou  divergent  de  la  rdponae, 

*  de  la  ddcompoaition  de  la  condition  initiale  aur  la  baae  propre  (q.)»  qui  fixe  I'intenaltd  avec 
laquella  chaqua  mode  eat  excitd, 

*  dea  vecCeura  proprea  eux-mdmea  qui  indiquent  dana  quelle  proportion  un  mode  apparaltra  aur  telle 
ou  Celle  variable  d^dCat* 


Cn  particuller,  on  remarque  que  ai  I'on  excite  le  ayatdme  par  une  condition  initiale  Xo  aitude  aur 
une  direction  propre  (Xq  •  A  ou  encore  qj  d  i  “  l*dvolution  ultdricure  de  I'dtat  ne  mettra  en  jeu 

que  le  mode  ai  et  aera  toujoura  aitude  aur  la  direction  Vi*  DAa  lora,  un  bon  moyen  de  ddcoupler  lea  axes 
d'un  hdlicoptdre  eat  de  forcer  cheque  vecteur  propre  A  n'appartenir  qu*A  un  aeul  axe  :  ainal  une 
perturbation  d'dtat  aur  cet  axe  n'aura  de  conadquencea  que  aur  ce  mdme  axe» 

Malheureuaement ,  pour  obtenir  ce  rdsultat,  il  faut  irapoaer  plua  de  contraintea  lindairea  que  lea  m 
contraintea  dont  nous  diapoaona. 

Toutefois,  il  eat  possible  d‘y  parvenir  de  manidre  approchde,  et  il  existe  ainsi  plusieura  mdthodea 
pour  exprimer  le  ddcouplage  approchd  par  seulement  m  dquations  lindairea  auppldmentaires. 

L'une  d’ellea  conaiate  A  ddfinir  m  "sorties'*  reprdsentativea  de  m  axes  A  ddcoupler,  puia  A  impoaer 
la  rdpartition  dea  modea  aur  chacune  de  ces  sorties,  en  utilisant  les  m  degrds  de  libertd  du  aytdme  (3). 

Une  autre  approche  conaiate  A  rdsoudre  le  probldme  sur^contraint  initial  au  sens  dea  moindres 
carrds,  en  minimisant  pour  cheque  vecteur  propre  un  multi-critdre  quadratique  relatif  aux  objectifs 
ddsirda  (exemple  :  ddcouplage,  robustesse,  *..)• 

On  eat  aouvent  amend  dans  ce  iitulti*‘critdre  A  combiner  un  critdre  quadratique  de  ddcouplage  avec  un 
critdre  quadratique  d ' insensibilitd  dea  vecteurs  proprea  et  valeura  proprea  A  dea  petites  erreurs  de 
moddlisation. 


Touted  lea  opdrationa  mathdmatiquea  asaocides  A  I'utiliaation  de  cea  mdthodea  gdomdtriquea  sont 
supportdes  par  dea  outils  informatiques  interactifs  trda  puiasants,  qui  o^^t  dtd  ddveloppds  A  la  SFIM  et  A 
l'A£ROSPATIALE-DH  dans  le  cadre  de  contrata  DRET« 

2.2.3.  Rdaultats  obtenus 


Lea  mdthodea  prdsentdea  ont  dtd  appliqudes  A  la  ddtermination  dea  stabilisations  de  baae  pour  lea 
hdlicoptdres  Dauphin  et  Super  Puma.  Ellea  ae  sont  rdvdldes  en  final  relativeaient  bien  adaptdes  A  notre 
probldme  assez  contraignant,  compte  tenu  dea  caraetdristiquea  particulidres  de  1 'hdlicoptdre.  Les 
rdaultats  obtenus  en  simulation  montrent  que  les  performances  du  ayatdme  de  pilotage  sont  supdrieures  A 
celles  d'un  pilote  automatique  claaaique,  au  prix  d'une  complexitd  A  peine  plus  importante. 

Cependant,  e'est  plutdt  I'utiliaation  d'une  combinaison  dea  mdthodea  aborddea,  supportdes  par  dea 
outils  informatiques  trda  puiasants,  qui  ont  permia  d'obtenir  un  rdaultat  global  satisfaisant.  En 
particulier  1 ' introduction  de  prA^couBandea  pour  le  ddcouplage  dynamique  dea  commandes  pilote  subsiste  et 
joue  toujoura  un  r81e  important. 


1 5-8 


D'autre  part,  I'applicatlon  da  mdthodes  relatives  k  la  thdorle  des  syst^iaes  lindalres  s'est  rdvdI4e 
efficace  pour  tralter  le  cas  forteiaent  non-lindaire  de  l*hdlicoptdre. 

En  rdsumd,  les  performances  sur  les  stabilisations  de  base  ont  dt4  notablement  amdliordes  avec  des 
commandes  tout  k  fait  admissibles  et  ne  ddpassant  pas  I'auCoritd  des  servo-commandes,  ce  point  dtant 
fondamental. 

Les  algorithmes  obtenus  grice  k  I'applicatlon  de  ces  mdthodes  vont  faire  I'objet  d'une  mise  au  point 
en  vol  sur  le  SUPER  PUMA  MR2,  puisqu'ils  vont  Atre  intdgrds  dans  le  syst^me  AP  163  actuellement  en  cours 
de  ddveloppement  k  la  SFIM  (cf.  chapitre  3). 

2.3.  EXEMPLE  DU  MODE  SUPERIEUR  "TRANSITION  AUTOMATIQUE  VERS  LE  BAS" 

2.3.1.  Position  du  probl^me  et  thdories  utilisdes 

La  description  opdrationnelle  de  ce  mode  supdrieur  (cf.  I  1.2.3),  nous  conduit  nature llement  A 
envisager  1 'utilisation  de  techniques  de  I'automatique  qui  pensettent  de  prendre  en  compte  les 
spdcificitds  de  cette  mission  de  1 'hdlicoptdre. 

Pour  la  partie  guidage  sur  trajectoire  descendants,  nous  avons  retenu  la  thdorie  de  la  commande 
optimale  sous  contraintes  et  pour  la  partie  filtrage  des  fortes  houles,  nous  avons  retenu  la  thdorie  du 
filtrage  de  KALMAN.  Ces  thdories  sont  tout  k  fait  classiques  et  nous  ne  ferons  pas  de  rappels  k  leur 
sujet. 

NdanmoinSy  nous  poserons  le  probldme  en  termes  mathdmatiques  afin  de  donner  au  lecteur  une  bonne 
idde  de  la  relative  complexitd  de  conception  d*un  tel  isode. 

a)  Guidage  sur  trajectoire 

On  suppose  que  I'hdlicoptdre  est  moddlisd  par  la  representation  d'dtats  discrete  suivante  : 

’'n  ♦  1  '  f 

oCi  f  est  une  function  lindaire  qui  reprdsente  de  fa^on  corrects  I'hdlicoptdre  en  phase  de  transition 
descendants  dans  le  plan  (x,  z)  avec  des  variables  astucieusement  choisies  et  o(^  I'on  ndglige  le  vent  en 
premidre  approximation.  On  suppose  par  ailleurs  que  le  cap  est  correctement  tenu  par  la  function 
stabilisation  de  base  correspondante. 

T 

est  le  vecteur  des  dtats 

T 

Uq  etc  le  vecteur  des  commandes  ( 

On  cherche  enauite  la  coaotande  optimale  conrnie  une  suite  de  N  dchelons  de  commande,  qui  permettent  de 
paaser  de  I'dCat  initial  Xl“  (Vxi,  Zl,  Vzl)'^  i  I'dtat  final  Xjj  “  (0,  Z^Fp,  0)T  en  temps  minimum  (ou  en 
temps  imposd,  ou  en  distance  de  transition  imposde,  au  choix)  tout  en  respecCant  1 'ensemble  des 
contraintes  principales  suivantes  : 

II  Vzn  I  <  gl  (Zn)  ,  Zn  f  [40  ft,  2500  ft] 

I  Vzn  I  1  82  (Vxn)  .  Vxn  «  [  0,  VNE  ] 

1  pxn  I  £  8^  “  cte  ou  function  d'un  critdre  supdrieur 

(temps  ou  distance  de  transition) 

g^  et  ^2  fonctions  ddfinies  par  morceaux,  et  en  minimisant  le  critdre  R  de  la  forme  : 


oik  les  coefficients  de  ponddration  £  permettent  de  moduler  les  phases  d ' accdldrations  verticales 
selon  la  situation  de  I'hdlicoptdre  dans  son  domaine  de  vol  (exemple,  favoriser  de  plus  fortes 
accdldrations  verticales  en  ddbut  de  transition  vers  le  has  plutdt  qu'A  la  fin  de  I'dvolution  »  aspect 
sdcuritd).  Les  a  £  sont  choisis  comme  une  function  des  Zi. 

Ce  type  de  critdre  est  lid  k  la  puissance  ndcessaire  au  mouvement  ainsi  qu'au  "confort"  de 
I'dvolution.  Un  principe  analogue,  mais  plus  simple,  est  dgalement  mis  en  oeuvre  sur  I'axe  longitudinal. 

On  montre  par  ailleurs  qu'il  est  ndcessaire  d'optimiser  le  nombre  N  des  commandes  admissibles,  si 
I'on  veut  respecter  k  la  fois  les  exigences  de  performance  de  la  loi  de  pilotage  et  les  exigences  lides  k 
son  impldmentation  dans  un  calculateur  numdrique  teisps  rdel. 

b)  Filtrage  de  houle 

Dans  une  premidre  dtape,  I'hdlicoptdre  est  supposd  au  stationnaire  sur  mer  forte.  Le  filtre  de  houle 
sur  I'axe  z  est  done  ddtermind  dans  ceCte  configuration.  11  est  possible  dans  une  seconde  dtape  de 

^  'ine  phase  dynamique  (Vj,  Vx)  d'arrivde  au  stationnaire,  au  cours  de  la  transition  vers  le  bas 
(cf.  a)).  Dans  cette  prdsentation,  nous  n'aborderons  que  le  probldme  simplifid  du  filtrage  de  houle  au 
stationnaire,  selon  I'axe  z. 
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Les  deux  infoniatLons  i  aoCre  disposition  sonC  : 

-  une  iBe8Ui.«  de  Is  hauteur  radio-sonde  Zp5(t)f 

-  une  mesure  de  1 ' accdldration  verticale 

La  radio-sonde  assure  instantandaeot  la  distance  entre  I'hdlicoptdre  et  la  surface  de  la  mer,  aais 
par  contre  1 ' accdldroadtre  vertical  mesure  I'accdldration  selon  z  de  I'hdlicoptdre,  lui-mdme  aaservi  & 
tenir  la  hauteur  de  stationnaire  dans  le  cadre  du  mode  supdrieur  qui  nous  intdresse  (stationnaire 
automatique,  en  fin  de  transition  deacendante) » 

Si  I'on  utilise  la  mesure  sans  filtcage  de  houle,  on  asservira  la  hauteur  de  I'hdlicoptdre  d  la 
surface  de  la  mer  et  par  consdquent  ce  dernier  aontera  et  descendra  au  rythme  de  la  houle,  plaqant  ainsi 
les  membres  de  I'dquipage  dans  une  situation  inconfortable. 

Afin  d'dviter  cet  inconvdnient>  1 ' introduction  d'un  filtre  de  houle  utilisant  la  thdorie  du  filtrage 
de  KALMAM  nous  a  paru  bien  adaptde.  Un  tel  filtre  utilisera  done  les  deux  informations  Zp^s  et  ^'2* 
s'agit  en  fait  de  ddterainer  un  moddle  de  reconstitution  des  signaux  de  mesure  qui  caraetdrise  aussi  bien 
que  possible  les  aspects  physiques  du  probldme  posd. 

Le  schdma  ci-aprds  rdsusie  clairement  la  situation. 


Mouvemsnt  d«  I'hdiioopidre  pilot4  an  oonf igurstion  ststionnsira  =  f  (tj) 


A  partir  des  mesures  et  il  s'agit  de  ddterminer  la  meilleure  estimation  de  Zq. 

On  pose  +  DHOULE  +  DZ  + 

ou  /  -  Zq  eat  la  grandeur  &  estimer, 

I  -  DHOULE  reprdsente  la  variation  de  hauteur  de  houle  par  rapport  &  son  mouvement  moyen,  supposd 
I  nul  dans  cette  configuration  de  stationnaire, 

i  -  DZ  reprdsente  la  variation  de  hauteur  de  l*hdlicoptdre  par  rapport  d  son  mouvement  moyen, 

I  supposd  nul  dans  cette  configuration  de  stationnaire, 

'  -  est  le  bruit  de  la  radio-sonde  apparaissant  sur  la  mesure 

Par  ailleurs  on  pose  : 


oD 


D  F, 


-  D  est  une  variation  de  1 'accdldration  verticale  de  1 *hdlicopc6re  par  rapport  k  sa  valeur 
moyenne,  supposde  nulle  dans  cette  configuration  de  stationnaire, 

-  est  le  bruit  de  I'accdldromdtre  vertical  apparaissant  sur  la  mesure  F^. 


Le  moddle  de  reconstitution  des  signaux  de  mesure  que  nous  avons  retenu  Implique  la  ddtermination  de 
deux  moddles  d'dtat  caraetdrisant  le  premier  les  mouvements  d*une  houle  dtablie  et  le  second  les 
mouvements  de  1 'hdllcoptdre  au  stationnaire. 


11  ndeesaite  par  ailleurs  la  ddtermination  d'un  moddle  caraetdrisant  les  bruits  de  mesure. 


X 
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En  ce  qui  concerne  la  houle,  nous  avons  choisi  un  sodfele  stochastique  qui  reprdsente  au  mieux  la 
densicd  spectrale  de  celle-ci.  La  houle  sera  done  reatitude  par  un  bruit  blanc  bo  passd  dans  un  filtre  de 
forme  ; 


(p) 


Obobo^^^  eat  la  denaitd  spectrale  du  bruit  blanc  d'dtat,  bo 


L~9  valeurs  optimales  de  ^  ,4^4  etd^bobo^p)  ont  4t4  ddtermindes  statistiqueoent  h  partir  d'une 
collection  de  45  spectres  de  houle  (Atlantique) .  On  aontre  par  ailleurs  que  <2^obo^P^  paramdtre 

trds  variable,  dependant  directement  du  carrd  de  l*aaplitude  de  la  houle  et  aussi  du  coefficient  ^  . 

En  ce  qui  concerne  la  moddlisation  d'un  hdlicoptdre  au  stationnaire,  configuration  qui  correspond  d 
la  phase  de  vol  qui  suit  une  transition  descendants,  nous  avons  utilisd  une  representation  d'dtat 
classique  d'ordre  3* 

La  variable  de  commande  est  un  bruit  blanc  d'dtat  bl,  dont  la  densitd  spectrale  d>b^bl(p)  ddpend  de 
la  densitd  spectrale  <r>  signal  mesurd  k  partir  d'un  enregistrement  rdel 

d 'hdlicoptdre  au  stationnaire. 

Enfin  la  moddlisation  des  bruits  de  mesure  a  dtd  faite  grdee  k  des  bruits  blancs  Gaussiens  dont  les 
dcarts  types  ont  dtd  ddfinis  k  partir  des  caraetdristiques  techniques  des  capteurs  associds  k  ce  mode  de 
pilotage . 

Pour  I’ensesble  des  phdnomdnes  physiques  pris  en  compte,  on  aboutit  alors  k  la  reprdsentat ion  d'dtat 
suivante  : 

X  -  AX  +  BW 
2  »  HX  +  V 

oCk  X,  W,  V  sont  des  vecteurs  fonction  du  temps. 

X  >  (DZ,  DVZ,  D  V'Z,  Zq,  dX5,  DH0ULE)T  eat  le  vecteur  d'Stat. 

W  est  le  vecteur  des  bruits  d'dtat 

V  est  le  vecteur  des  bruits  de  mesure 
HELICOPTERF. 


matrlce  d'dtat  A 


HOULE 


matrlce  de 
comsiande  B  ■■ 


0  0 
0  0 
1  0 

0  0 

0  0 
0  1 


matrlce  de 
mesure  H  ~ 


10  0  10  1 
0  0  1  0  0  0 


On  determine  ensuite  une  representation  d'dtat  rdcurrente  e  partir  de  la  representation  d'dtat 
continue  que  nous  venons  de  presenter  ;  apr^s  avoir  envisager  lea  crit^res  d'obaervabilite  et  de 
gouvecnabilitd  du  systene  ainsi  obtenu,  il  ne  reste  plus  qu'e  appliquer  la  thdorie  classique  du  filtrage 
de  KALMAN  discret  pour  ddterainer  un  filtre  de  houLe  nuaerique  optiaal  (au  sens  d'une  variance  d'erreur 
ninioale) . 

Le  filtre  ainsi  obtenu  a  dtd  essayd  en  Mediterraonde,  dans  I'Atlantique  et  en  met  d'lrlande,  et 
s'est  comportd  partout  de  manidre  tout  k  fait  correcte.  IL  est  done  relativement  robuste  compte  tenu  du 
atodeie  de  houle  "Atlantique"  utilise  pour  estiaer  L'etat  de  la  mer. 

c)  Toutes  les  operations  matheinatiques  et  tous  les  tests  de  simulation  qu'il  faut  effectuer  pour 
aboutir  A  la  determination  de  tous  les  algorithoes  concernant  Le  mode  "Transition  automatique  vers  le 
bas"  sont  supportes  par  des  outils  infomatiques  interactifs  bien  adaptds  et  fonctionnant  sur  VAX/W.^ 
(logiciel  "OPTSYS"  programme  en  FORTRAN). 

2.3.2.  Resultata  obteous 

Les  algorithmes  associds  au  mode  "Transition  automatique  vers  le  bas"  ont  dte  validds  en  vol  avec  le 
systAme  de  pilotage  CAOV  1S5«  et  notasnBent  sur  deux  heiicopcAres  d 'AEROSPATIALE-DH  (DAUPHIN  Nl-IAC  et 
SUPER  PUMA).  Les  rdsultats  obtenus  ont  etd  jugAs  tout  k  fait  performanta  dans  des  conditions 
operationnelles  reelles  et  parfois  crAs  difficiles  (vol  de  nuit  au-dessus  de  la  mer,  par  force  5  A  6). 

En  particulier,  la  precision  du  stationnaire  automatique  (Doppler,  Radio-sonde)  au-dessus  d'une  mer 
CrAs  agitee  a  pu  dtre  evalude. 

Par  ailleurs,  La  rdpetitivite  et  la  souplesse  d'utilisation  du  mode  "Transition  automatique"  ont  ete 
fortement  apprecides,  notaomenc  en  ce  qui  concerne  la  possibilitd  d'engager  ce  mode  quelle  que  soit  la 
vitesse  de  I'appareil  et  dans  une  plage  de  hauteur  allant  de  2S00  ft  k  40  ft,  tout  en  dtant  assure  d'une 
arrivde  au  stationnaire  rapide,  sans  aucun  recul,  avec  des  ddpassements  en-dessous  de  la  hauteur  affichde 
infdrieurs  A  2  ft  et  des  ddrives  Doppler  infdrieures  A  1  kt  sur  les  axes  cycliques. 

11  faut  dgalement  signaler  que  de  telles  performances  ont  dtd  obtenues  avec  des  capteurs  analogiques 

tout  A  fait  conventionnels .  L'ensemble  de  ces  algoritumes  que  nous  avons  ainsi  validds  en  vol  seront 

repris  dans  le  cadre  du  systAme  AP  165  actuellea^nt  en  cours  de  ddveloppement  et  que  nous  prdsenterons 
dans  le  chapitre  3.  £n  particulier,  ce  systAme  devraic  voir  ses  performances  s'accroitre  encore,  compte 
tenu  de  la  nouvelle  generation  de  senseurs  A  sorties  numdriques  dont  nous  disposerons  pour  rdaliser  ce-t 
modes  de  pilotage. 

2.4,  E^ORATION  DES  PRECOMMANDES  NECESSAIRES  AU  TIR  CANON,  AU  TIR  DE  ROQUETTES  ET  A  LA  STABILISATION 

D'ANTENNE  DE  SURVEILLANCE  AEROPORTEE 

2.4.1,  ProblAae  posd 

Pour  les  trois  examples  que  nous  avons  abordds  au  paragraphe  1.2.4.  A  propos  des  missions  du  type 
"Terrestre",  le  problAme  esc  pratiquement  le  mdme  :  il  s'agic,  par  I ' intenaddiaire  du  systfeme  de  pilotage 

automatique,  de  contcer  les  effets  induits  sur  la  mdcanique  du  vol  de  1 'hdlicoptdre  par  I'activation  du 

sytdme  d'armes  considdrd  (tit  canon,  cir  de  roquettes  ou  f 'inctionnement  de  I'antenne  de  surveillance  en 
rotation).  Cependant  la  rapiditd  des  dynamiques  mises  en  jeu  lors  d'un  tir  (canon  ou  roquette)  d'une  part 
et  la  difficulcd  de  moddlisation  dea  perturbations  provoqudes  par  les  rafales  du  canon,  le  ddpart  des 
roquettes  ou  le  balayage  de  I'antenne  d'autre  part^  font  qu'il  est  difficilement  envisageable  pour 
contrer  ces  phdnomAnes  d'utiliser  Les  techniques  classiques  de  I'automatique  en  boucle  fermde.  NAanmoins. 
dans  tous  les  cas,  on  utlliaera  le  pilote  automatique  en  boucle  fermde  dans  son  mode  "amortisseur" ,  mais 
il  sera  toujours  ndeessaire  d'augmenter  I'avance  de  phase  au  niveau  du  ddplacement  des  coasoandes  de  vol 
en  y  sjoutsnt  des  tenses  de  prdcommande  en  "boucle  ouverte"  judicieusement  calculAs. 

2.4.2.  Approche  mise  eo  oeuvre 

Afin  de  determiner  la  forme  mathdaiacique  de  ces  precommandes ,  nous  avons  retenu  I'approche 
systematique  suivante  : 

-  par  utilisation  d'un  modele  de  simulation  simplifie  du  systAme  d'armes  A  I’Atude,  on  tente  de 
reorder  dans  un  premier  temps  les  effets  observes  sur  le  porteur  rdel, 

-  les  paramAtres  prdponderants  qui  sont  necessaires  A  I'eiaboration  de  cettc  simulation  Atant 
determines,  on  obtient  par  inversion  la  forme  msthemstique  gendrale  des  precommandes  et  ce  pour  les 
differences  configurations  envisagdes  au  niveau  du  systAme  d'armes, 

-  on  suppose  ensuite  que  les  ordres  A  envoycr  vers  les  commandes  de  vol  sont  des  tenses 
proportionnels  que  I'on  vient  sommer  par  l* intenaddiaire  de  gains  sur  les  sorties  du  syacAme  de  pilotage 
fonctionnant  dana  un  mode  bien  determine, 


-  cea  gains  sont  ensuite  rdglds  dans  un  environnement  de  simulation  non  lindaire  par  approximations 
successives  et  pour  toutes  les  configurations  de  l'ensemble  (hdlicopCAre  +  systAme  d’armes),  de  fa^on  A 
obtenir  la  precision  voulue  sur  les  paramAtres  A  stabiliser. 
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Cette  approche  eat  du  type  "boucle  ouverte''^  maTs  I ' introduction  des  techniques  numdriques  a 
grandement  favoriad  de  tellea  solutions  (qui  parfois  sont  les  seules  envisageables)  car  il  est  alors 
possible  de  rendre  ces  prdcomandes  fonction  d'un  grand  nombre  de  paramdtres  mesurds  par  le  systdme  de 
pilotage  lui-mdae  (vitesse  de  1 'hdlicoptdre,  site  et  gisement  de  I'arme,  durde  de  la  rafale,  intensitd  de 
I'effort  de  tir,  site  et  gisement  de  l*axe  de  I'antenne,  vitesse  de  balayage  de  I'ancenne,  ...),  les 
gains  dtant  tabulda  par  ailleurs  selon  l*dtat  de  booldens  de  configuration  (tir  en  cours,  antenne 
descendue,  . . . ) . 

De  plus  il  faut  noter  que  dans  une  telle  approche  les  aspects  lids  h  la  sdcuritd  ne  sont  absolument 
pas  ndgligds  (autoritd  limitde  des  comroandes  de  vol)  car  c'est  le  meilleur  compromis 
(sdcuritd/prdciaion/confort  de  aaniement  du  ayatdme  d'annes)  que  I'on  cherche  d  obtenir. 

2.4.3.  Rdsultats  obtenus 

A  partir  d'une  telle  approche,  la  mise  au  point  en  vol  des  prdcommandes  de  stabilisation  d'antenne 
de  surveillance  a  dtd  effectude  en  1983  sur  un  hdlicoptdre  PUHA  (SA  330)  d  I'aide  d'un  calculateur 
numdrique  SFIM,  le  CAS  1000. 

Les  rdsultats  obtenus  ont  dtd  jugds  tout  d  fait  corrects  et  le  temps  de  mise  au  point  a  dtd 
relativement  court,  compte  tenu  du  fait  que  la  simulation  au  sol  a  dO  Stre  recalde  rdgulidrement  d  I'issu 
des  vols  de  I'hdlicoptdre.  Ceci  dtait  impdratif  dtant  donnd  la  mdthode  proposde,  et  dgalement  de  par  la 
relative  complexitd  des  prdcommandes  dlabordes  pour  stabiliser  le  faisceau  de  I'antenne. 

En  ce  qui  concerne  lea  prdcommandes  de  tir  canon,  les  essais  sont  en  cours  sur  un  Dauphin  365  Ml 
"Panther",  mais  d’ores  et  ddjd  la  ddtermination  des  prdcommandes  en  simulation  a  montrd  qu'il  dtait 
possible  de  diviser  au  moins  par  deux  les  effets  du  tir  sur  les  mouvements  de  I'hdlicoptdre,  en  tangage 
et  en  roulis,  sans  avoir  besoin  d'accrottre  I'autoritd  des  coounandes  de  vol,  done  avec  le  mdme  niveau  de 
sdcuritd  en  ce  qui  concerne  le  systdme  de  pilotage.  L'axe  de  lacet  par  contre  devra  voir  son  autoritd 
augmenter,  mais  il  n'y  a  pas  de  probldme  relatif  A  la  sdcuritd  sur  cet  axe. 

Toutes  les  lois  obtenues  dans  le  cadre  des  missions  "Terrestre"  envisagdes  ici  se  retrouveront 
intdgrdes  dans  le  systdme  de  pilotage  AP  165  que  nous  allons  prdsenter  dans  le  chapitre  suivant. 


3  •  UmOUTIOH  DB  L*BNSEKBLE  DBS  PONCTIOilS  OB  PILOTAGE  DAHS  DUE  ARCHITECTURE  D'AVIOMIQUB  IfODBRBB  - 
STSTKMB  AP  165 

3.1.  PRESENTATION  GENERALE  DU  SYSTEME  AP  165  ET  CARACTERISTIQUES  PRINCIPALES 


Le  systdme  AP  165  (ou  AFCS  165)  est  un  systdme  totalement  numdrique  de  pilotage/guidage/directeur  de 
vol  "4  axes"  pour  hdlicoptdre. 

Il  se  compose  de  deux  calculateurs ,  de  deux  postes  de  commande  dddids  aux  modes  de  pilotage  dits 
basiques  (stabilisations  4  axes,  modes  de  croisidre  et  d'approche  ILS),  et  dans  certains  cas  de  postes  de 
commande  dddids  aux  missions  spdcifiques  (militaires,  terresCres  ou  marines). 

Le  systdme  AP  165  est  destind  A  dquiper  la  nouvelle  gdndration  d'hdlicoptdres  lourds  (type  AS  332  - 
MK2)  et  peut  s'adapter  aux  futures  versions  d 'hdlicoptdres  de  tonnage  moyen  (type  AS  365  M). 

Chaque  calculateur  constituant  I'AFCS  165  comporte  deux  voies  de  traitement  A  microprocesseurs 
assocides  A  une  dlectronique  de  ddsactivation  des  pannes  multiaxes  sur  les  sorties  vers  les  commandes  de 
vol.  Une  telle  architecture  permet  d'assurer  la  passivation  sur  toute  panne  d'un  calculateur,  les  pannes 
des  capteurs  redondants  dtant  couvertes  par  des  tests  de  surveillance. 

En  ce  qui  concerne  la  poursuite  de  la  mission,  I'opdrationnalitd  aprds  panne  d'un  calculateur  est 
assurde  sans  aucune  perte  de  performance  sur  le  calculateur  restant.  Relativement  aux  applications 
civiles,  le  systdme  ainsi  con^u  permet  dgalement  d'effectuer  des  approches  en  catdgorie  2  et  autorise  le 
vol  en  IFR  monopilote.  L'AFCS  165  appartient  A  la  famille  des  systdmes  "dual  -  dual". 

3.2.  FONCTIONS  DE  PILOTAGE  OISPONIBLES 


Concernant  les  stabilisations  de  base,  on  trouve  toutes  les  functions  classiques  de  tenue  des 
assiettes  et  du  cap  A  long  terme,  ainsi  qu'un  amortisseur  de  pas  collectif. 

De  nombreux  modes  de  pilotage  "au  travers"  du  systdme  de  contrdle  automat ique  du  vol,  dont  le  mode 
contrdle  de  maniabilitd,  font  partie  de  ce  premier  groupe  de  fonctions,  au  mdme  titre  d'ailleurs  que  les 
termes  de  ddcouplage  d'axes  et  la  coordination  de  virage. 

Pour  ce  qui  est  des  modes  supdrieurs  perroettant  le  suivi  de  trajectoire,  on  trouve  tous  les  modes 
suivants,  actifs  selon  la  configuration  et  la  mission  de  I'hdlicoptdre  dquipd  du  systdme  AFCS  165. 

L 
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Pour  les  modes  civil s  : 

-  tenue  de  vitesse-air  actuelle, 

-  tenue  d' altitude  baromdtrique  actuelle) 

-  acquisition  et  tenue  d*altitude  barooidtrique  affichde* 

-  acquisition  et  tenue  de  cap  affichd, 

-  acquisition  et  tenue  de  vitesse  verticale  affichde, 

-  acquisition  et  tenue  d'altitude  radio-sonde  affichde, 

-  approche  ILS  cat.  1  et  cat.  2, 

~  approche  MLS| 

-  remise  automatique  de  gaz» 

-  navigation  (route  navigation  ou  VOR). 

Pour  les  modes  nilitaires  terrestres  : 

-  tenue  de  stationnaire  automatique  (avec  ou  sans  Doppler), 

-  vol  tactique  (maniabilitd) » 

-  asservisaement  aur  une  ligne  de  visde, 

-  prd-commandes  d'antenne  de  surveillance  adroportde, 

-  prd-commandes  de  tir  canon  et  de  tir  roquettes, 

-  tenue  de  poste  hdlicoptdre  (vol  de  patrouille). 

Pour  les  modes  militaires  marines  (SAR)  : 

-  over-fly, 

-  acquisition  et  tenue  de  stationnaire  automatique  sur  mer  forte, 

-  tenue  de  hauteur  de  stationnaire  radio-sonde  affichde, 

-  transition  automatique  vers  le  bas  (avec  ou  sans  couplage  k  la  navigation), 

-  transition  vers  le  haut, 

-  tenue  de  vitesses-vol  actuelle, 

et  (ASM)  : 

-  tenue  du  stationnaire  cdble  SONAR. 

Ce  systdme  possdde  par  ailleurs  plusieurs  autres  fonctions  telles  que  : 

-  surveillance  de  l^enveloppe  de  vol  de  1 *hdlicoptdre  (marge  de  puissance,  VNE,  etc.)» 

-  surveillance  des  capteurs  et  reconfiguration,  lorsque  c'est  possible,  selon  les  demandes  de 
L'dquipage, 

*  surveillance  des  organes  de  commande, 

-  fonctions  de  sdcuritd  (Fly-up,  dcarts  excessifs  sur  les  quatre  axes,  test  svant  vol), 

-  fonctions  d'autotest  des  calculateurs  et  de  maintenance  intdgrde  (ler  et  2dme  dchelons,  en  ligne). 

Tous  les  modes  que  nous  venons  de  lister  trds  bridvement  ont  fait  I'objet  d'dvaluations  en  vol  sur 
divers  hdlicoptdres  de  1 ' AEROSPATIALE-DH  et  ce  aussi  bien  avec  des  systdmes  analogiques  classiques 
qu'avec  des  systdmes  numdriques  (tels  que  le  CDV  133). 

L’ intdgration  dans  une  architecture  "tout  numdrique"  de  I'ensemble  des  besoins  recensds  k  I'heure 
actuelle  par  les  diffdrentes  anodes  (air,  terre,  mer)  est  en  cours  de  rdalisation  dans  le  cadre  du 
ddveloppement  concernant  la  nouvelle  gdndration  de  systdmes  de  contrdle  de  vol  type  AFCS  165. 

Dans  le  paragraphe  ci-aprds,  nous  aliens  prdsenter  succintement  1 ' architecture  externe  de  ce  systdme 
pour  1 ' application  au  SUPER  PUMA  MK  2. 

3,3.  DESCRIPTION  DE  L' ARCHITECTURE  EXTERNE  DU  SYSTEME  AP  165 


Le  systdme  AP  165  s'insdre  dans  un  systdioe  de  conduite  du  vol  intdgrd,  totalement  Duplex  (cf. 
synoptique  n*  1).  Autour  des  deux  calculateurs  composant  le  coeur  du  systdme  de  pilotage  sont  articulds 
plusieurs  sous-ensemble  : 

-  2  postes  de  commande  basiques  PA,  faisant  office  de  concentrateurs  de  donndes  pour  toutes  les 
commandes  situdes  sur  les  raanches  (cyclique  et  collectif)  ainsi  que  pour  les  logiques  d'engagement  de 
modes,  issues  des  postes  de  commandes  optiormels.  Ces  deux  postes  de  cemmande  basiques  sont  situds  en 
planche  de  bord,  I’un  sur  la  planche  pilote  et  I'autre  sur  la  planche  copilote,  au  voisinage  des  dcrans 
de  visualisation  et  k  cdtd  des  postes  de  commande  de  visualisation. 

-  2  Centrales  de  Rdfdrences  Primalres  (CRP),  qui  outre  les  informations  d'assiettes,  de  vitesses 
angulaires  et  d'accdldrations  lindaires,  dlaborent  par  ailleurs  les  informations  baro-andmomdtriques,  k 
savoir  la  vitesse-air,  la  vitesse  verticale  et  I'altitude  baromdtrique,  ainsi  que  1 ' information  de 
tempdrature  extdrieure.  Ces  centrales  peuvenc  aussi  fournir  en  option  les  informations  relatives  k 

1 ' andmomdtrie  basse-vitesse . 
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-  2  "Bottlers  Interface  et  G^n^ratioo  de  Syi^oles"  ayant  les  rOles  suivants  : 

*  concentration  des  capteurs  de  radlo-navlgation  et  radlo’^altls^trlques  alnsl  que  des  capteurs 
ndcessalres  k  la  realisation  des  modes  optlonnels  (exemple  SAR,  ASM,  ...), 

*  couplage  k  un  BUS  1553  (en  option) « 

*  acquisition  des  postes  de  commande  de  visualisation, 

*  concentration  des  mots  de  maintenance  Issus  de  chacun  des  sous-ensembles  (PA,  CRP,  ...}  dans  un 
systeme  de  memorisation  centralisee, 

*  acquisition  des  CRP  (une  par  bottler)  pour  affichage  sur  les  dcrans  de  visualisation, 

*  generation  des  signaux  de  visualisation  et  d*alarme  sur  les  ecrans  de  visualisation  e  partir  des 
informations  fournies  par  les  calculateurs  de  pilotage. 

-  2  ensembles  de  visualisation  pilote  et  copilote,  composes  chacun  d'un  poste  de  commande  de 
visualisation,  d'un  PFD  (Primary  Flight  Display)  et  d'un  HD  (Navigation  Display).  Chaque  planche  (pilote 
ou  copilote)  reqoit  I'une  des  centrales  de  references  primaires  pour  affichages.  Chacun  des  deux  postes 
de  commande  de  visualisation  contrdle  directement  sa  planche  associee  (via  le  "Bottler  Interface  et 
Generation  de  Symboles"). 

a)  Sur  la  visualisation  PFO  sont  affichdes  outre  la  hauteur  de  decision,  les  informations  suivantes 
en  provenance  des  calculateurs  de  pilotage,  via  les  bottlers  "Interface"  : 

*  les  barres  de  tendance  pour  la  fonction  directeur  de  vol, 

*  les  selections  de  cap  affichd,  d'altitude  barorndtrique  affichde  et  de  vitesse  verticale 
af f ichde, 

*  les  modes  actifs,  armds,  ddsengagds,  de  mdise  que  les  interdictions  d'engagement, 

*  les  informations  concernant  les  possibilitds  de  reconfiguration  du  systdme  de  pilotage, 

*  la  visualisation  de  I'enveloppe  de  vol  (sur  I’dchelle  des  vitesses), 

*  les  alarmes  d'ordre  de  reprise  en  main, 

*  1' activation  de  la  sdcuritd  "Fly-up", 

*  lea  dcarts  exceasifa  lids  au  suivi  de  trajectoires , 

*  les  dissemblances  capteurs, 

*  Les  mots  d'dtat  enregistrds  dans  la  mdmoire  centralisde,  en  phase  de  maintenance  seulement. 

b)  Sur  la  visualisation  ND  sont  prdsentdes  : 

^  lea  informations  de  cap,  de  route  et  de  navigation,  avec  la  possibilitd  d'y  superposer  la  carte 

mdtdo, 

*  la  hauteur  radio-sonde  actuelle  et  la  hauteur  affichde, 

*  la  marge  de  puissance  disnonible  (sur  une  dchelle  de  pas  collectif). 

-  1  ensemble  de  capteurs  de  secours  comprenant  deux  gyroscopes  de  verticale  et  pensettant  de 
surveiller  I'attitude  de  I 'hdlicoptdre  aprds  perte  d'une  CRP. 

-  I  ensemble  de  capteurs  permettant  d'dlaborer  les  informations  "marge  de  puissance"  et  "enveloppe 
de  vol".  II  s'agit  essentiellement  de  capteurs  effectuant  des  mesures  au  niveau  des  ensembles  tournants 
(BTP,  moteurs). 

-  1  bottier  de  reconfiguration,  situd  sur  le  pylBne  central  k  disposition  des  pilote  et  copilote. 

-  1  bottier  de  maintenance,  permettant  dgalement  d' initialiser  le  test  prd-vol,  le  test  de 
maintenance  approfondie  et  la  comande  de  visualisation  sur  dcran  des  mots  d'dtat  de  maintenance  stockds 
dans  le  dispositif  de  mdmorisation  centralisde. 

-  I  dispositif  de  visualisation  d'alarmes  (Master  Alarm),  afin  de  pouvoir  reprendre  en  mains  le 
contrdle  de  I'appareil  en  toute  sdcuritd. 

-  I  ensemble  (trims  et  servo-commandes)  permettant  le  pilotage  automatique  de  1 'hdllcoptdre  sur  ses 
4  axes. 

II  s'agit  Ik  d'une  description  assez  succinte  du  systdme  de  pilotage  AP  165,  intdgrd  dans  une 
architecture  d'avionique  moderne,  et  dont  nous  venons  de  prdsenter  les  dldments  principaux.  II  n'est  pas 
question  dans  ce  papier  de  ddvelopper  tout  le  contexte  opdrationnel  d'un  tel  systdme,  car  cels  serait 
bien  trop  long.  Ndanmoins  nous  renvoyons  le  lecteur  aux  chapitres  1  et  2,  oh  nous  avons  ddveloppd 
quelques  exemples  qui  donnent  une  trds  bonne  idde  des  capacitds  de  ce  systdme,  aussi  bien  sur  le  plan 
opdrationnel  qu'au  niveau  de  ses  performances  et  de  sa  sQiretd  de  fonctionnement . 

3.4.  PRINCIPES  DE  REALISATION  ET  TECHNOLOGIE  DU  SYSTEMS  AP  165 

3.4.1.  Mdthodes  de  conception  et  de  ddveloppement 

De  part  sa  complexitd  importante,  le  ddveloppement  d'un  tel  systdme  de  pilotage  ndcessite 
1 'utilisation  de  mdthodes  de  conception  qui  permettent  de  mattriser  I’approche  descendante/montante 
(Top-Down/Do%m-Top)  classique  :  une  ddmarche  mdthodologique  cohdrente  entre  I'Avionneur  et 
I'Equipementier  est  le  garant  d'un  bon  ddroulement  de  tout  programme  .  Dans  ce  but  la  SFIM  a  dtd  amende  k 
ddvelopper  certains  outils  informatiques  ou  A  en  utiliser  d'autres  ddJA  existants  sur  le  marchd. 
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La  plupart  dei  outils  SFIM  fonctionnent  lur  VAX-VMS  ;  on  pent  ciCer  plus  particuliirement  I'outll  de 
spdcification  SPECIF,  qui  est  utilisd  essentielleaenC  au  niveau  de  la  concepCion  globale  sjrscbme  et 
logiciel  de  I'AP  165  lui-atae  et  qui  aert  principaleaent  k  ddfinir  let  flott  d' inf oraat ions  de  faqon 
ezCerne  entre  ce  lyttkae  de  pilotage  et  let  diffdrenta  tout-enteablea  participant  k  I'avionique  de 
I'hdlicoptkre.  Cet  outil  peraet  dgaleaent  de  ddfinir  let  flott  d' inf oraat ions  de  fajon  interne,  au  niveau 
det  tout-entcablet  aatdrielt  et  logicielt  conatituant  le  tyttkae  de  contrSle  autoaatique  du  vol. 

Connectd  k  SPECIF,  nout  avont  ddveloppd  par  la  suite  un  outil  particulier  (INTERCO)  peraettant  de 
gdndrer  autoaatiqueaent  1' interconnexion  physique  du  tout-syttkae  de  pilotage  placd  dans  ton 
environneaent.  __ 

Par  ailleurt,  un  enteable  de  prograaaet  de  siaulation  trka  tophittiqudt  peraet  d' observer  ce  que 
sera  le  coaporteaent  du  tyttkae  AP  165  une  foit  aontd  dant  I'hdlicoptkre  de  servitude. 

La  particularitd  de  notre  approche  rdside  dans  le  fait  qu'il  s'agit  d'obterver,  de  tester  et  de 
valider  en  siaulation  le  coaporteaent  du  logiciel  "cible”  lui-atae,  tel  qu'il  sera  iaplantd  dans  let 
calculateurs  de  pilotage  lorsque  ceux-ci  fonctionneront  en  teapt  rdel  en  vol.  Ce  logiciel  cible  est 
ddveloppd  en  PASCAL,  le  reste  de  1 'environneaent  dtant  dcrit  en  FORTRAH. 

Un  certain  noabre  d'Outilt  spdcifiquet  de  Ddfinition  de  Tests  (OUT)  et  d'outils  graphiques  (PACOS), 
peraettent  de  faciliter  le  dialogue  entre  let  ingdnieurs  de  conception  (systksie,  logiciel)  et 
1' environneaent  de  sisulation  reprdsentatif  de  I'application  en  court  de  ddve loppement . 

Dans  une  preaikre  dtape,  tout  ces  travaux  tont  rdalitds  en  teaps  diffdrd  ;  par  la  suite  et  dans  une 
prochaine  dtape,  il  sera  possible  d'effectuer  let  aCaes  tichet  aais  cette  fois  en  temps  rdel,  grtce  k 
I'outil  SILEHE  3  en  court  de  rdalisation  k  la  SFIM.  Ce  tiaulateur  temps  rdel  est  organisd  autour  d'un 
ordinateur  GOULD  (SEL  32).  II  sert  principaleaent  k  la  validation  du  sous-systkme  de  pilotage  avant  sa 
livraison  au  client  AEROSPATIALE-DH,  ce  dernier  rdalisant  ensuite  la  validation  de  toute  I'avionique  de 
I'hdlicoptkre  sur  son  banc  de  simulation  temps  rdel  SISYPRE. 


Enfin  tout  let  produits  issue  du  ddveloppeaent  de  ce  systkme  de  contrSle  automatique  de  vol  sont 
prit  en  gestion  de  configuration  grlce  k  I'outil  GCF. 

3.4.2.  Prineipes  de  rdalisation  du  logiciel  de  I'AP  165 

Dka  lore  que  lea  fonctiona  du  systkme  de  pilotage  prdsencd  sont  rdalisdes  par  logiciel,  des 
prdcautiona  architecturales  sont  k  prendre  en  compte  relativement  k  sa  sOretd  de  fonctionnement . 
Celles-ci  sont  traduites  non  seuleaent  au  niveau  de  I'architecture  des  deux  calculateurs  numdriques 
embarqudt  (structure  "dual  -  dual"),  mais  dgalement  au  niveau  de  leur  programaation  respective.  Ainsi  k 
I'intdrieur  de  chacun  des  deux  calculateurs,  toutes  les  fonctiona  de  pilotage  jugdes  critiques  sont 
rdalisdes  deux  fois,  de  faqon  dissymdtrique,  avec  des  logiciels  de  niveau  2  (au  sens  de  la  DO  178A)  et 
exdcutdes  par  deux  ensembles  de  restources  statdrielles  identiques  mais  distincts,  et  possddant  leurs 
proprea  moyens  de  communication  avec  I'extdrieur.  Ces  deux  ensembles  de  ressources  sont  dgalement 
capablet  d'dchanger  des  informations  de  consolidation,  sans  risque  de  pollution  mutuelle. 

Dana  le  systkme  AP  165,  tous  let  traitements  logiciels  sont  rdalisds  par  utilisation  du  langage  de 
haut  niveau  PASCAL.  La  diasymdtrie,  lorsqu'elle  est  ndcestaire,  est  assurde  depuis  la  conception  des 
logicielt  jutqu'k  leur  programsation,  en  imposant  I'emploi  de  deux  compilateurs  diffdrents  (BSO  et 
OREGON)  k  deux  dquipes  diffdrentes. 

3.4.3.  Technologie  du  systkme  AP  165 

Pour  la  rdalisation  de  ce  systkme  nout  avons  ddcidd,  aprks  dtude  des  diffdrentes  families  de 
microprocetseurs  k  notre  disposition  sur  le  aurchd,  d'utiliser  la  technologie  MOTOROLA  (68020  +  68881). 
Chacun  des  deux  calculateurs  nuaadriquea  eat  constitud  de  deux  entitds  de  calcul  "68020  +  68881" 
fonctionnant  k  12,5  MHz,  qui  confkrent  au  systkme  AP  165  une  grande  puissance  de  calcul. 

Les  composants  dlectroniques  utilisds  sont  pris  dant  la  gamme  dtendue  (-  45°,  *  85°),  la 
compatibilitd  dtant  assurde  k  terme  pour  les  applications  ndcdssitant  I'emploi  de  composants 
dlectroniques  militaires. 

CONCLUSION 


Au  court  de  cette  prdsentation,  nous  avons  essayd  de  montrer  comment  k  partir  d'une  ddfinition  la 
plus  prdciae  possible  des  betoins  opdrationnels,  il  est  envisageable  de  synthdtiser  des  lois  de  pilotage 
relatives  k  une  application  sur  hdlicoptkre  pour  une  mission  donnde,  grtce  k  I'utilisation  de  techniques 
particulikres  de  1 'automatique  thdorique.  Aprks  une  rapide  prdsentation  de  I'AP  165  actuellement  en  court 
de  ddveloppement  k  la  SFIM,  nous  avons  abordd  ensuite  les  prineipes  de  la  rdalisation  du  sytkme  de 
contrSle  de  vol  lui-mtme,  et  notamment  nous  avons  mia  I'accent  sur  I'utilisation  d'une  technologie 
dlectronique  avanede  ainsi  que  sur  les  mdthodes  de  ddveloppement  d'un  systkme  tel  que  I'AP  165.  Il  ne 
reste  plus  ddsormais  qu'k  valider  toute  notre  approche  en  vol  et  e'est  ce  qui  eat  envisagd  k  court  tense, 
puitque  le  systkme  AP  165  va  faire  I'objet  d'une  dvaluation  complkte  sur  le  SUPER  PUMA  HK2  de 
I'AEROSPATIALE-DH  (Marignane  -  France). 


Jood-av 
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COMPUTER  AIDED  TACTICS  FOR  AIR  COMBAT 
by 

H.  Mitchell 
British  Aerospace 
Military  Aircraft  Division 
Warton  Aerodrome*  Preston*  Lancashire  PR4  lAX 


achieve  maximua  operational  effectiveness  with  an  acceptable  crew  workload*  the  new  generation 
of  NATO  fighter  aircraft  will  contain  a  significant  degree  of  autoi&ation  and  computer  support  Co  the  crew. 
One  key  area  of  support  is  computer  aided  tactics*  which  help  the  crewman  to  assess  the  complex  air  battle 
situation*  select  appropriate  targets*  and  plan  the  best  method  of  attack.  This  paper  describes  a 
microcomputer  tactical  aid  called  MITAC*  which  has  been  produced  by  British  Aerospace  as  part  of  a  ■widor'^ 
programme  wor^  on  mission  management  aids.  By  computing  a  range  of  possible  aircraft  and  missile 
flight  paths  and  processing  the  results  through  a  sequence  of  tactical  rules*  MITAC  can  offer  the  crewman 
useful  advice  on  recommended  attacks  and  their  consequences.  It  provides  a  good  Insight  into  the  sort  of 
facility  that  could  be  available  In  next  generation  fighter  cockpits. 


INTRODUCTION 

Over  the  past  few  years  there  has  been  a  growing  recognition  of  the  need  for  onboard  automation  and 
computer  aids  to  support  the  crew  of  new  combat  aircraft.  To  address  this  need*  British  Aerospace  has 
been  Involved  in  a  number  of  initiatives  aimed  at  clarifying  the  requirements  and  Identifying  areas  of 
Interest  (see*  for  instance*  reference  1.). 

In  parallel  with  this  general  activity*  it  was  decided  to  produce  a  number  of  specific  demonstrators* 
which  would  show  more  clearly  what  such  computer  aids  were  and  how  they  could  support  the  crew.  An 
initial  demonstrator  was  produced  called  MITAC*  a  microcomputer  tactical  aid*  to  illustrate  how  the  crew 
might  be  given  tactical  assistance.  It  also  provided  a  useful  vehicle  for  the  development  of  algorithms 
and  new  ideas  on  tactical  reasoning. 

This  paper  first  discusses  the  need  for  automation  and  computer  aids*  In  particular  computer  aided 
tactics,  then  It  describes  MITAC  and  how  it  functions.  Finally  it  indicates  the  further  developments  that 
are  underway  to  produce  a  new  more  powerful  computer  tactical  aid  called  COMTAC,  from  which  It  should  be 
possible  to  specify  tactical  algorithms  for  an  airborne  system. 

THE  NEED  FOR  COMPUTER  AIDS 

The  current  trend  in  fighter  aircraft  design  is  towards  more  complex  systems  operated  by  a  single  crewman. 
The  EAP  (Experimental  Aircraft  Programme)  Technology  Demonstrator,  which  mades  it  first  highly  successful 
flight  from  Warton  last  year*  is  a  forerunner  of  this  new  breed  of  fighter.  They  will  be  highly 
manoeuvrable  and  equipped  with  sophisticated  attack  and  defence  systems  and  with  intelligent 
f ire-and-forget  missiles.  These  aircraft  will  have  to  operate  In  an  increasingly  severe  air/land  battle 
environment,  containing  many  threats  from  enemy  air  and  ground  units  (Figure  1.),  which  will  demand 
maximum  performance  from  the  aircraft,  its  weapons  and  its  crewman. 

In  order  to  achieve  full  performance,  the  crewman  Is  required  to  perform  the  following  functions 
simultaneously:- 

*  Maintain  an  awareness  of  the  total  air  battle  scene. 

*  Plan  the  beat  method  of  attack. 

*  Fly  complex  attack  manoeuvres. 

*  Closely  control  multiple  weapon  release. 

*  Organise  self  defence  against  arriving  threats. 

*  Communicate  with  other  friendly  forces. 

*  Manage  all  on-board  systems. 

*  Respond  to  onboard  emergencies/failures. 


Even  with  s  two  man  crew  and  present  generation  systems*  these  tasks  are  very  demanding.  The  new  more 
complex  systems,  to  be  handled  by  a  single  crewman*  will  require  the  introduction  of  more  automation  and 
computer  assistance  if  the  crew  workload  is  to  be  kept  to  an  acceptable  level. 

FORMS  OF  COMPUTER  AID 

There  are  two  main  types  of  computer  assistance  that  could  be  provided  to  the  crew:  tactical  and 
non-tactical .  The  non-tactical  computer  aids  Involve  the  automation  of  sub  systems  management  and 
housekeeping  functions.  This  could  include  automated  sensors*  automated  flight  path  control,  automated 
weapon  control,  and  automated  defensive  aids.  Housekeeping  functions  to  be  automated  could  Include  fuel, 
power,  hydraulics  and  air.  Hand  in  hand  with  such  automation  would  go  an  appropriate  monitoring  system. 


This  non'-cacCical  automation  would  relieve  the  crewman  of  much  of  the  detailed  and  demanding  systems 
management  and  control  tasks,  thus  allowing  him  more  time  to  concentrate  on  overall  mission  management. 
However,  although  the  non-tactical  automation  is  very  important  and  complementary,  this  paper  is  concerned 
with  the  tactical  forms  of  computer  assistance.  Such  computer  aided  tactics  will  assist  the  crew 
throughout  all  phases  of  the  mission.  In  the  context  of  an  air  combat  mission,  the  computer  aided  tactics 
could  provide  particular  assistance  to  the  crew  in  four  main  areas: 

1.  Understanding  the  complex  air  battle  situation. 

2.  Identification  of  important  targets  and  threats. 

3.  Planning  the  best  method  of  attack  and  self  defence. 

4.  Execution  of  the  attack  sequence. 

A  key  part  of  all  such  aids  is  the  man/machine  interface  between  the  computer  and  the  crew.  This  will  be 
operating  at  a  much  more  'intelligent*  level  than  in  the  past  and  will  Involve  voice  conversation  as  well 
as  new  pictorial  displays. 

MITAC 

Although  there  has  been  much  general  discussion  on  the  topic  of  mission  management  aids,  which  provide 
computer  support  to  the  crew,  it  requires  the  design  and  implementation  of  actual  systems  to  give  a  clear 
understanding  of  what  they  are  and  what  they  can  do.  In  order  to  progress  along  this  path,  a 
microcomputer  tactical  aid  called  MITAC  has  been  produced,  to  give  Initial  experience  In  the  design  and 
development  of  tactical  decision  aids;  Figure  2  shows  MITAC  in  operation.  Such  an  approach  has  allowed 
the  rapid  implementation  of  new  ideas  for  algorithms  and  tactical  reasoning,  and  is  one  element  in  a  wider 
ongoing  programme  of  work  to  develop  computer  aids  and  automation  for  use  in  combat  aircraft. 

The  list  of  mission  management  aid  (MMA)  features  provided  by  MITAC  is  shown  In  Figure  3.  These  will  be 
discussed  in  more  detail  later.  MITAC  has  i  user  option  to  Introduce  pauses  between  each  of  its 
processes,  which  is  useful  for  demonstrations.  Normally,  however,  the  sequence  of  processes  Is  completed, 
through  to  the  recommended  attack,  without  stopping. 

The  user  first  defines  all  of  the  elements  in  his  scenario.  This  Includes  the  position,  speed,  heading 
and  status  of  all  aircraft,  plus  the  position,  engagement  range  and  status  of  all  surface  to  air  missile 
batteries.  This  total  scenario  is  often  referred  to  as  the  alpha  scene,  which  would  be  produced  by 
correlation  of  all  sensor  and  intelligence  data  onboard  the  aircraft.  A  typical  alpha  scene  is  shown  in 
Figure  4,  containing  line  vectors  for  aircraft  and  circles  for  surface-to-air  missile  engagement  zones. 
All  displays  are  shown  relative  to  own  aircraft,  which  remains  at  the  origin  and  heading  left  to  right. 

.  Situation  assessment 

The  first  MITAC  function  is  Situation  Assessment,  In  which  it  processes  the  whole  of  the  alpha  scene  to 
Identify  the  most  important  elements  In  the  scene;  these  may  be  targets  or  threats  or  both.  The 
processing  algorithms  Include  a  number  of  criteria,  e.g.  friend  or  foe,  range  to  go,  time  to  go,  but  are 
Less  detailed  than  subsequent  processes,  because  situation  assessment  has  to  operate  on  the  whole  alpha 
scene  and  computer  power  will  be  limited.  A  head-on  attack  algorithm  is  used  to  compute  missile  launch 
times  from  which  the  eight  most  immediate  targets  are  selected  (Figure  5). 

This  reduced  group  of  eight  targets,  known  as  the  beta  scene,  will  be  subjected  to  further  processing.  As 
the  attack  sequence  develops,  in  particular  when  own  aircraft  changes  heading,  the  relative  importance  of 
the  elements  in  the  alpha  scene  will  change,  and  so  will  the  selected  beta  scene. 

.  Attack  and  counter-attack  assessment  (Figure  6) 

The  next  MITAC  process  computes  collision  course  attacks  against  each  of  the  eight  enemy  aircraft  in  the 
beta  scene,  calculating  the  aircraft  approach  path  and  the  missile  launch  and  trajectory  data.  Then  for 
each  of  these  attack  profiles,  the  corresponding  enemy  counter-attacks  and  missile  launch  points  are 
evaluated.  This  process  takes  a  little  longer,  because  for  each  attack  against  one  of  the  enemy  aircraft, 
MITAC  has  to  examine  eight  potential  enemy  counter-attacks,  i.e.  sixty  four  counter-attacks  in  all.  The 
surface  to  air  missile  batteries  engage  all  aircraft  coming  within  their  range  and  more  than  one  missile 
may  be  fired  at  an  aircraft  depending  on  how  long  it  takes  to  pass  through  the  zone.  Each  one  of  these 
attack  and  counter-attack  profiles  is  known  as  a  gamma  option.  MITAC  has  now  reached  the  situation  where 
all  of  the  attack  options  and  their  counter-attack  consequences  are  renown  including  the  crucial  missile 
launch  data. 

.  Target  prioritisation  (ranking) 

The  Important  thing  that  the  user  wishes  to  know,  of  course,  is  which  is  the  best  target  to  go  for.  This 
is  computed  by  MITAC  in  the  next  process  called  target  prioritisation  or  ranking.  To  do  this  It  uses  a 
series  of  tactical  rules  in  order  to  rank  the  targets  in  a  preferred  tactical  order,  using  data  from  the 
attack  and  counter-attack  assessment.  These  tactical  rules  attempt  to  maximise  your  advantage  by 
achieving  the  most  target  kills  with  the  least  number  of  counter-attacks .  An  example  of  such  tactical 
rules  are  shown  in  Figure  7.  The  first  ranking  criteria  Is  'lowest  number  of  counter-attacks*.  For 
profiles  with  the  same  number  of  counter-attacks,  priority  is  given  to  those  where  the  first 
counter-attack  occurs  latest.  Further  ranking  criteria  are  applied  until  all  of  the  attack  options  are 
placed  in  a  preferred  order.  The  recommended  attack,  at  the  top  of  the  list,  is  called  the  gamma  star 
option.  MITAC  has  now  completed  its  cycle  of  computations  and  Is  ready  to  present  its  results  to  the 
user. 
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.  Display  options 

MITAC  presents  the  results  of  its  tactical  assessnent  on  the  screen,  first  shoving  the  *no  manoeuvre 
situation',  which  indicates  whether  continuing  on  the  present  course  will  expose  you  to  attack  within  a 
specified  time  Interval.  By  the  repeated  pressing  of  a  key,  the  full  list  of  attack  options  can  be 
displayed,  in  order  of  priority,  starting  with  the  recomended  attack.  A  recommended  attack  option 
display  is  shoinx  in  Figure  8,  where  it  will  be  seen  that  the  track  from  self  has  two  legs:  the  first  is 
the  aircraft  flight  path  to  missile  launch  and  the  second  is  the  missile  trajectory  from  launch  to  impact. 
Note  chat  the  impact  point  is  on  the  target  track  projected  some  time  ahead.  As  there  are  no  similar 
tracks  from  any  of  the  enemy  aircraft  towards  self,  this  indicates  that  no  countet'-attacks  will  occur 
before  you  launch  a  missile  at  the  selected  target. 

A  read  out  line  at  the  bottom  of  the  display  indicates  heading  change  and  attack  time  to  the  selected 
target.  Progressing  through  the  options  shows  an  increasing  number  of  counter-attacks,  with  the  worst 
option,  number  8,  showing  six  counter-attacks.  (Figure  9). 

MITAC  offers  the  user  the  choice  of  selecting  any  one  of  its  ranked  options  or  suggesting  alternatives  for 
it  to  assess.  The  user  can  examine  the  effect  that  changes  in  his  speed  or  height  will  have  on  the  attack 
and  counter-attack  situation.  When  a  course  of  action  has  been  decided  upon,  MITAC  progresses  the  air 
battle  forward  in  time  by  a  selected  tlaestep.  The  new  situation  is  then  displayed  and  all  of  the 
procedures  are  repeated  on  the  full  alpha  scene. 


ATTACK  SEQUENCE  USING  MITAC 

To  Illustrate  how  MITAC  could  be  used  to  execute  an  attack  sequence,  let  us  start  by  accepting  the 
recommended  attack  option  against  a/c  15,  sho%m  in  Figure  8. 

MITAC  first  checks  whether  you  are  likely  to  be  attacked,  then  updates  to  the  next  scene,  which  is  the 
missile  launch  point  against  aircraft  IS  (Figure  10).  Notice  that  the  display  is  still  centred  on  self, 
so  the  impression  is  that  the  whole  scene  has  rotated  and  moved  relative  to  self.  MITAC  has  worked  on  the 
whole  alpha  scene  again  and  computed  a  full  set  of  gamma  options  for  the  new  situation.  The  recommended 
attack  is,  of  course,  against  aircraft  15,  and  as  the  target  is  in  range,  HITAC  asks  for  missile  launch 
instructions.  One  missile  is  selected  and  launched  at  aircraft  15;  the  missile  in  flight  will  be  shown  as 
a  small  circle.  The  second  option  Is  against  aircraft  11  and  the  display  (Figure  10)  shows  that,  in  the 
course  of  this  attack,  the  aircraft  in  close  proximity  to  11  could  turn  and  launch  a  missile  at  us.  We 
attack,  nevertheless. 

MITAC  now  advances  to  the  missile  launch  point  against  aircraft  11,  shown  in  Figure  11,  where  a  missile 
launch  option  has  been  selected.  At  least  one  counter-attack  is  possible  in  the  near  future  on  all  of  the 
gamma  options,  so  we  launch  a  missile  at  aircraft  11  and  turn  80  degrees  to  port  to  avoid  retaliation. 
Figure  12  shows  Che  no  manoeuvre  situation  sometime  later.  Indicating  no  counter-attacks.  Our  two 
missiles  can  be  seen  in  flight  Cowards  aircraft  15  and  11. 

As  a  final  illustration  of  HITAC  facilities  a  simpler  scenario  is  used,  as  shown  in  Figure  13,  with  only 
two  targets;  a  high  speed  medium  level  fighter  (number  6)  and  a  slower  low  level  strike  aircraft.  MITAC 
recommends  attacking  the  fighter,  because  the  second  option  against  the  strike  aircraft,  (Figure  13), 
shows  a  risk  of  counter  attack.  If  it  is  important  that  the  strike  aircraft  is  destroyed,  then  it  would 
be  useful  to  find  out  how  to  achieve  Chat  without  being  attacked  In  the  process.  MITAC  examines  the 
effect  of  changing  speed  and  height  and  shows  that  It  Is  possible  to  attack  the  strike  aircraft  with  no 
counter-attacks  (Figure  14). 

FURTHER  DEVELOPMENTS 

Although  MITAC  uses  a  relatively  simple  model.  It  nevertheless  is  a  program  with  over  2000  statements  and 
does  thousands  of  computations  each  cycle.  It  has  been  an  extremely  effective  tool  for  the  initial 
Investigation  of  new  ideas  in  the  area  of  computer  aided  tactics. 

Further  developments  are  now  underway  using  more  complex  models  with  greater  tactical  reasoning,  which 
provide  more  extensive  tactical  assistance.  They  are  running  on  more  powerful  computers  with  high 
resolution  colour  graphics  displays  and  provide  the  basis  for  significant  development  of  tactical 
algorithms.  The  display  shown  In  Figure  15  is  from  the  first  development  phase  of  a  new  computer  tactical 
aid  called  COmkC. 

Parallel  work  is  also  underway  on  the  application  of  artificial  intelligence  techniques  in  this  area,  and 
on  the  Integration  of  computer  aided  tactics  into  future  combat  aircraft. 

The  time  is  right  for  the  introduction  of  such  computer  aids  and  they  offer  the  prospect  of  major 
improvements  in  the  operational  effectiveness  of  combat  aircraft. 
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Figure  Z  MITAC  in  Operation 
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SUMMARY  .  - 

y  '  ' 

The  experience*  with  the  gyro  error  behaviour  made  during  the  development  of  fiber 
optic  gyros  (FOG)  at  SEL*  ^^^re7 stimulating  a  number  of  new  system  implementations.  Among 
them  the  use  of  FOGs  within  strapdown  reference  systems  for  guided  weapons  looks  very 
favourable  because  of  the  high  FOG  bandwidth,  its  low  noise  operation  and  the  absence 
of  maneuver-dependent  gyro-errors  (as  opp>osed  to  mechanical  sensors). 

System  design  considerations  lead  to  an  integrated  strapdown  reference  system  solution 
for  guidance  and  line  of  sight  stabilization.  The  principal  error  sources  of  such  a 
system  based  on  FOGs  are  investigated  by  means  of  simulations  including  original  sensor 
signals.  The  investigations  indicate  that  these  systems  can  be  realized  on  the  basis  of 
the  SEL-FOG  which  is  now  under  preparation  for  mass  production.  ^ 


1.  INTRODUCTION 

Within  the  past  years  flight  control  and  seeker  technologies  for  guided  weapons  became 
more  and  more  sophisticated.  A  very  important  contribution  to  the  solution  of  the  cost 
and  weight  problems  associated  with  more  complex  navigation,  flight  control  and  seeker 
attitude  reference  systems  can  be  earned  from  the  implementation  of  inertial  strapdown 
reference  systems  which  use  low  cost  fiber  optic  gyros.  The  use  of  a  single  low  cost 
fiber  optic  gyro  strapdown  attitude  reference  system  for  all  guidance  needs  onboard  an 
airlaunched  weapon  system  will  be  investigated  in  the  following. 

The  basis  of  this  work  is  the  development  of  fiber  optic  gyros  started  at  SEL  in  1980. 
Two  different  types  of  gyros  mainly  differing  in  their  readout  method  -  the  phase 
modulated  and  the  frequency  modulated  one  -  are  in  an  advanced  development  phase.  The 
first  type  with  a  drift  specification  of  about  10  deg. /hours  is  specially  designed  for 
use  in  low  cost  systems  with  no  compensation  of  the  earthrate  which  itself  contributes 
a  drift  of  up  to  +  15  deg./h.  The  second  type  demonstrated  a  high  scalefactor  stability 
(  see  /3/)  combined  with  an  improved  driftrate  about  1  deg/h  which  enables 
applications  in  medium  accuracy  inertial  navigation  systems. 

The  experiences  from  the  development  and  the  tests  of  the  phase  modulated  gyro  form 
the  basis  for  the  following  system  design  and  simulation  considerations. 


2.  FIBER  OPTIC  GYRO  DEVELOPMENT 

At  SEL  FOGs  based  on  both  previously  published  modulation  techniques  (phase  nulling 
frequency  modulation  and  open-loop  phase  modulation)  are  under  development  (see 
/l/,/2/).  The  justification  for  this  twofold  effort  are  different  applications 
requiring  different  sensitivities,  rate  capabilities  and  scale  factor  stabilities.  The 
solution  for  the  problem  of  split  activities  is  to  keep  the  difference  between  the  two 
gyro  types  as  small  as  possible.  This  is  achieved  by  using  a  modular  interferometer 
design  which  is  characterized  by  its  optronic  hybrid  technology.  Integrated-optics 
modules,  all-fiber  components  and  even  miniaturized  bulk  components  are  combined  to 
form  optimized  setups.  The  common  interfaces  are  single-mode  fiber  pigtails.  A  subunit, 
consisting  of  the  source  module  (V-groove  multimode  laserdiode  with  thermoelectric 
cooler),  first  beam  splitter  (fiber  coupler  in  fused-taper  technique),  PIN  detector  and 
fiber  polarizer  can  be  combined  with  the  different  fiber  coils  and  modulator  types. 


2 . 1  The  Phase  Modulated  FOG  Concept 

The  phase  modulated  fiber  gyro  is  basically  designed  as  a  rate  gyro  and  employs 
open-loop  phase  modulation  signal  processing.  It  is  built  as  all  guided  wave  sensor 
with  an  integrated-optics  LiNbO^  phase  shifter.  The  high  bandwidth  and  good  linearity 
of  this  phase  modulator  determined  the  key  features  of  this  gyro.  It  is  characterized 
by  its  short  fiber  length  and  its  scale  factor  stabilization  technique.  The  fiber 
length  of  L=100m  together  with  the  coil  radius  of  R=3.5cm  compresses  the  dynamic  range 
to  Sagnac  phase  shifts  below  gOdeg  for  rotation  rates  up  to  400deg/s.  The  optimum 
modulation  frequency  is  fj|j=c/(  2nL)  =  lMHz  which  is  only  achieved  satisfactorily  with  an 
integrated-optics  modulator.  Sinusoidal  phase  modulation  with  amplitude*  leads  to  the 
well  known  detector  output  signal  as  a  function  of  rotation  rate  or  Sagna?  phase  shift. 
The  amplitudes  of  the  harmonics  are  given  by  Bessel  functions: 


i(t)~I^(l+j^(2*g)cx)aail>g)  +  2I^J^(2*^)8iivai»g-O08(2rt^{t-T/2)) 

-  2I^J2{2*^)«38fl#g-OOB(2Tl2^(t-T/2))  + 
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Phase  sensitive  detection  of  the  first  harmonic  gives  the  rotation  rate  signal  .  Scale 
factor  stabilization  (compensation  for  varying  attenuation,  coupling  efficiency  or 
laserdiode  output)  is  accomplished  by  detection  of  the  dc  component  and  a  control  loop 
which  drives  te  gain  for  the  component  as  a  function  of  the  measured  dc  value.  The 
resulting  gyro  output  becomes 


“signal  "  “ref  * 

The  modulation  amplitude  $  is  set  to  ^  =  1.2  rad  with  Jq(2§q)  =  0.  Thus  the  rotation 
dependent  part  in  the  denominator  of  the°scale  factor  vanishes  and  the  output  signal  is 
proportional  to  the  sine  of  the  rotation  rate. 

The  functional  block  diagram  of  the  optical  and  electronic  part  of  the  100m  rate 
sensor  is  shown  in  Fig .  1 .  Its  parameters  and  target  specifications  are  summarized  in 
the  table  below: 


Target  specification  of  phase  modulated  FOG 
Dimensions  and  parameters 


Diameter : 

80 

mm 

Height : 

25 

mm 

Weight : 

200 

g 

Fiber  length: 

100 

m 

Coil  radius : 

35 

mm 

Performance 

signal  format:  digital. 

15  bit  parallel  +  : 

1  sign  bit 

update  rate  1 

kHz 

Scale  f 

0.012 

deg/s/LSB 

Scale  factor  error 

0.5 

% 

Range 

+  400 

deg/s 

Bandwidth 

500 

Hz 

Noise 

10 

deg/h  Jhz 

Bias  uncertainty  (T=const) 

10 

deg/h 

Environment 

Temperature 

-54. . .71 

Vibration 

20. . .2000 

Hz 

10 

g  sin 

Shock 

60 

g/3  ms  sine 
hal fwave 

20 

g/100  ms 

Figure  I . 


Phase  Modulated  Fiber  Optic  Gyro  Configuration 


3.  FIBER  OPTIC  GYRO  STRAPDOHH  REFKREMCE  SYSTEM  DESIGM 


On  the  basis  of  the  SOinin  diameter  phase  modulated  fiber  optic  gyro  at  SEL  a  new  type 
of  reduced  dimensions  with  40  mm  diameter  was  designed  for  small  volume  applications 
such  as  in  guided  weapons.  As  shown  in  Fig ■  2  the  strapdown  attitude  reference  system 
consists  of  a  three  fiber  optic  gyro  (FOG)  package  and  four  electronic  boards.  The 
individual  gyro  has  a  maximum  dimension  of  40  mm.  The  reduced  microbending  effects  of 
new  polarization  preserving  fibers  now  available  allow  such  small  dimensions.  The  basic 
characteristics  of  this  new  FOG  are: 

maximum  input  rate:  +  800  deg/sec 

maximum  bias  uncertainty:  40  deg/h 
scale  factor  error:  0.5  % 

The  gyro  electronics  performs  a  direct  digitizing  of  the  gyro  output  signal  with  a 
resolution  corresponding  to  16  bits.  Processing  of  the  strapdown  algorithm  is  carried 
out  at  a  high  speed  of  500  Hz  on  a  fourth  card . 


Strapdown-  Gyro-  Fiberoptic- 

Processor  Electronics  Gyro-Unit 

Figure  2.  Strapdown  Attitude  Reference  System  with  Miniaturized  Fiber  Optic  Gyros 

The  classical  design  of  a  guidance  system  of  a  weapon  system  includes  two  different 
inertial  sensor  sections.  Fi^ .  3  shows  the  seperate  flight  control  using  a  reference 
gyro  for  yaw  and  pitch  corrections  and  the  additional  seeker  equipment  (in  this  case  a 
optical  device  including  a  tracker)  employing  a  second  reference  gyro  system  for  line 
of  sight  stabilization. 


Figure  3.  Functional  Diagram  of  a  Classical  Guidance  &  Seeker  System 
with  Seperate  Gyro  References 
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The  verification  of  compact  and  low  cost  strapdown  attitude  reference  systems  allows 
the  designer  to  simplify  the  allover  guidance  system  architecture.  As  shown  in  Fig ■  4a 
one  strapdown  reference  system  consisting  of  the  reference  unit  and  the  strapdown 
computer  can  serve  simultaneously  for  referencing  both  the  flight  control  and  the 
seeker  system.  It  is  well  known  that  the  seeker  itself  has  to  be  stabilized  with  a  very 
small  stablization  error  in  order  to  allow  high  resolution  and  long  distance  detection. 
When  this  is  not  performed  by  a  directly  gimballed  reference  gyro  a  very  high  bandwidth 
is  needed  for  the  strapdovm  reference  system.  Exactly  this  point  can  be  ideally 
achieved  by  fiber  optic  gyros.  The  SEL-FOG-type  for  instance  operates  at  a  1000 
cycles/s  refresh  rate  of  the  digital  output  signal  corresponding  to  a  sensor  bandwidth 
of  500  Hz.  Together  with  the  matched  strapdown  computer  update  rate  of  500  cycles/s 
this  means  that  with  the  proposed  reference  system  a  high  quality  gimbal  servoing  will 
be  possible  in  the  future,  thus  allowing  new  mechanical  seeker  solutions. 

The  search  for  cost  effective  solutions  for  the  guidance  and  seeker  tasks  leads  to  an 
integration  of  all  processing  tasks  of  a  weapon  system  into  one  processor  of  the  next 
generation  as  shown  in  Fig.  4b.  This  system  uses  the  advances  in  the  field  of  digital 
processing  speed  for  a  minimum  solution  in  terms  of  cost  and  weight  which  should  be 
very  suitable  for  guided  weapon  applications. 


Figure  4.  Functional  Diagram  of  a  Guidance  &  Seeker  System  with  a  Strapdown  Reference 

a  -  Distributed  Electronics  b  -  Low  Cost  Version  with  an  Advanced  Processor 


4.  THE  MAVIGATIOW  SOFTWARE  DEVELOPEMENT  SYSTEM 
4.1  Concept 

For  the  design,  implementation  and  validation  of  realtime  software  modules  for 
strapdown  systems  a  special  software  tool  is  available  at  SEL  :  the  Navigation  Software 
Development  System  (NSD).  This  efficient  tool  was  used  for  all  the  investigations 
described  in  this  paper.  A  short  review  of  the  basic  functions  of  this  program  system 
will  be  given  below. 

As  shown  in  Fig .  5  the  outmost  simulation  shell  consists  of  a  flight  path  and  vehicle 
motion  generator  { APG  Attitude  and  Position  Generator)  and  the  sensor  error  models  ( SEG 
Sensor  Error  Generator),  which  simulate  the  real  world  environment  in  terms  of  linear 
and  rotational  motion  as  well  as  the  sensor  characteristics. 

The  simulated  sensor  signals  are  transferred  to  the  realtime-kernel  modules  which 
perform  Sensor  Error  Correction  (SEC)  and  Strap  Down  Calculation  (SDC). 

The  results  are  compared  with  reference  data  by  a  special  data  evaluation  program  (SAP 
Signal  Analysis  and  Plot  Processing) . 

The  complex  input  data  are  handled  by  a  input  processor  which  allows  easy  modification 
of  single  coefficients  out  of  the  total  set  and  supports  input  data  file  control  and 
documentation . 

This  allows  to  optimize  the  real  time  navigation  software  with  respect  to 

algorithm  errors  (numerical  approximation) 
roundoff  errors  (word  length) 
program  loop  timings  (sampling  ) 
quantization  errors  (sensor  digitizing) 
sensor  characteristics,  and 
flight  dynamics 
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REFERENCE  DATA:  ACCELERATION.  RATE.  ATTITUDE.  POSITION 


Figure  5.  Structure  of  the  Navigation  Software  Development  System  (NSD) 


4.2  Flight  Path  Generator 

The  flight  path  generator  (Attitude  and  Position  Generator  APG)  computes  all  reference 
data  of  a  special  vehicle  motion  with  respect  to  the  navigational  coordinate  frame.  The 
data  are  stored  for  error  analysis  and  transformed  to  the  body-frame  thus  yielding  the 
required  correct  sensor  input-signals,  as  for  instance  the  rate  values  for  the  gyros 
and  the  acceleration  values  for  accelerometers  in  body-fixed  coordinates. 

Different  types  of  carrier  movements  including  sinusoidal  movements  can  be  carried 
out.  A  geometrical  displacement  of  the  sensing  unit  with  respect  to  the  center  of  the 
carrier's  movement,  giving  rise  to  additional  acceleration  signals,  is  also  included. 

4.3  Sensor  Models 


The  body  fixed  sensor  input  signals  are  compounded  with  the  sensor  error  contribution 
by  the  sensor  error  generator.  Both  classes  of  errors  -  compensatable  and 
noncompensatable  sensor  errors  -  are  taken  into  account.  For  fiber  optic  gyros  the 
following  errors  are  modelled: 

-  bias  of  angular  rate 

-  scale  factor  error 

-  scale  factor  nonlineraity 

-  Crosscoupling  between  sensor  axes 

4.4  Realtime-Kernel  Software  Modules 

The  realtime  software  package  for  the  inertial  reference  system  consists  of  the 
following  main  components: 

-  the  sensor  error  compensation  module, 

-  the  strap-down  calculation  module, 

-  the  euler  angle  extraction  module,  and 

-  the  application  modules  (i.e.  stabilization  module) 

In  the  sensor  error  compensation  module  the  deterministic  errors  which  are  included  in 
the  sensor  models  are  corrected.  In  case  of  skewed  sensors  the  signals  are 
orthonormalized  and  transferred  to  the  strap-down  Calculation  module.  For  the 
strap-down  calculation  a  quaternion  mechanization  of  choosable  order  is  used,  which 
gives  the  possibility  to  find  an  optimal  implementation  with  respect  to  timing  and 
accuracy  requirements.  A  standard  euler  angle  extraction  algorithm  is  used  which  may  be 
adjusted  to  application  requirements.  The  realtime-kernel  software  is  developed  in 
standard  PASCAL  on  the  simulation  computer;  this  ensures  correct  transposion  of  these 
modules  to  the  target  processor. 

4.5  Data  Evaluation  and  Error  Modelling 

The  resulting  errors  are  analyzed  by  means  of  a  special  signal  processing  software 
which  uses  standardized  file  inputs/outputs  for  multiloop  signal  analysis.  Graphic 
representation  of  all  output  files  is  supported. 


5. 


SIMULATION  RESULTS  OF  THE  FIBER  OPTIC  GYRO  STRAPDOWN  REFERENCE  UNIT 


5.1  Choice  of  the  Attitude  Profile 


To  obtain  meaningful  results  from  simulations  of  a  FOG  strapdown  attitude  reference 
system  one  has  to  select  an  appropriate  attitude  profile.  This  selection  is  a  tradeoff 
between  two  objectives: 

the  profile  should  be  as  realistic  as  possible  and  encompass  the  whole  vehicle 
dynamics 

the  simulation  results  should  be  easily  interpretable,  i.e.  the  attitude  errors 
which  show  up  in  the  simulation  results  should  be  discernible  and  easily  traceable 
to  the  sensor  or  algorithm  level. 

Fig .  6  shows  the  flight  path  and  the  associated  attitude  profile  which  was  selected 
for  the  subsequent  simulations  of  the  FOG  attitude  reference  system.  It  consists  of  a 
short  climb  flight  from  a  lower  to  a  higher  altitude  level,  with  a  maximum  pitch  angle 
of  30  deg  and  a  maximum  pitch  rate  of  30  deg/s.  Superimposed  on  this  profile  is  an 
angular  vibration  about  all  three  axes  with  an  amplitude  of  1  deg,  a  frequency  between 
1  and  10  Hz  and  a  variable  phase  relationship  between  the  three  axes.  These  angular 
vibrations  (which  are  not  included  in  fig.  6)  represent  the  influence  of  structural 
vibrations,  which  may  be  induced  by  aerodynamic  effects  or  by  a  rocket  motor. 

Simulated  flight  path 


aeg 


T  (sec) 


simulated  attitude  profile 


Figure  6.  Simulation  Input  in  Terms  of  Flight  Path  and  Attitude  Profile 


Although  this  attitude  profile  may  not  seem  very  realistic,  it  is  quite  representative 
of  the  application  and,  because  of  the  superimposed  angle  vibrations,  all  error  sources 
of  the  system  are  excited  in  the  simulation.  The  relative  simplicity  of  this  attitude 
profile  allows  an  easy  identification  of  the  various  error  mechanisms. 

5 . 2  Influences  of  Error  Sources  on  System  Performance 

While  investigating  the  influence  of  various  error  sources  on  overall  system 
performance,  we  will  have  to  deal  with  two  major  classes  of  error  sources: 

-  strapdown  algorithm  errors 

-  sensor  (i.e.  gyro)  errors 

5.2.1  Strapdown  Algorithm  Errors 

Errors  which  are  generated  in  the  strapdown  calculation  result  from  the  discrete 
implementation  of  continuous  differential  equations  (which  always  involves  series 
expansions)  and  from  the  sampling  of  quantized  sensor  signals  in  discrete  time 
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intervals.  The  magnitude  of  these  algorithm  errors  depends  on  the  specific  algorithm, 
the  update  frequency  and  the  motion  profile . 

Although  the  3rd  order  quaternion  algorithm.  Which  we  have  chosen,  is  very  good  in 
this  respect,  there  are  certain  unfavorable  cases,  where  quite  large  algorithm  errors 
may  arise. 

5. 2. 1.1  Coning  Motion  Error 

One  of  these  unfavorable  cases  is  the  coning  motion,  which  consists  of  mutually 
out-of-phase  angle  vibrations  about  orthogonal  axes.  Fig .  7  shows  the  attitude  error 
which  results  from  such  a  coning  motion  at  a  coning  frequency  of  lOHz  and  calculation 
frequencies  of  50Hz  and  SOOHz.  The  attitude  error,  which  is  quite  large  at  a 
calculation  frequency  of  50Hz  (almost  one  degree  after  lOsec)  and  dominates  all  the 
sensor  errors  (20deg/h  drift  and  0.1%  SFE  were  assumed),  reduces  to  a  negligible  value 
at  a  calculation  frequency  of  SOOHz.  Thus  one  has  to  conclude  that  in  high  dynamic 
environments,  where  such  coning  vibrations  may  exist,  an  increase  of  the  calculation 
frequency  to  several  hundred  hertz  has  to  be  considered. 
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Figure  7.  Coning  Motion  Error  at  Strapdown  Calculation 
Frequencies  of  50  Hz  and  500  Hz 

Such  an  increase  in  calculation  frequency  is  reasonable  only  when  it  is  accompanied  by 
a  corresponding  increase  in  gyro  bandwidth.  This  requirement  is  easily  fulfilled  by  the 
inherently  high  bandwidth  of  the  FOG,  which  makas  it  an  ideal  candidate  for  high 
dynamic  strapdown  environments  where  the  existence  of  structural  vibrations  is 
suspected . 

5. 2. 1.2  Continuous  Rate  Input 

A  second  algorithm  error  becomes  important  when  there  is  a  continuous  rate  input  about 
one  axis,  for  example  in  the  case  of  a  missile  spinning  continuously  about  its  roll 
axis.  The  resulting  attitude  error  depends  again  on  the  calculation  frequency.  Fig .  8 
shows  the  simulation  results  fcr  an  input  roll  rate  of  4000  deg/s  and  calculation 
frequencies  of  50Hz  and  SOOHz,  assuming  a  skewed  sensor  configuration  which  accounts 
for  the  limited  input  range  of  the  FOG.  The  roll  axis  error  angle  at  a  calculation 
frequency  of  50Hz  amounts  to  a  huge  30  deg  after  only  one  second:  and  again  the 
increase  of  the  calculaton  frequency  to  SOOHz  reduces  the  roll  angle  error  to  a 
negligible  value.  This  leads  to  the  same  conclusions  concerning  the  gyro  bandwidth  as 
in  the  case  of  the  coning  motion;  again  the  FOG  is  (from  this  point  of  view)  a  good 
candidate  for  strapdown  attitude  reference  applications  in  spinning  missiles. 


0.40 

0.50 

0.00 


500  H* 


e 


/ 


Qeg 


T  (sec) 


10Hz/90deg  phase-diff 


d  «  9 


Figure  8.  Roll  Angle  Error  Due  to  Continous  Roll  Rate  Input 
at  Calculation  Frequencies  of  50  Hz  and  500  Hz 


5.2.2  Sensor  Errors 


The  FOG  has  a  remarkably  simple  error  behaviour.  Because  of  its  massless  principle  of 
operation  there  are  no  contributions  from  linear  acceleration  dependent  drifts  or  angle 
acceleration  dependent  drifts,  which  are  common  in  mechanical  gyros.  Thus  we  will  only 
have  to  consider 

-  gyro  drift 

-  gyro  scale  factor  error  (SFE) 

and,  because  we  talk  about  high  dynamics  applications  and  want  to  point  out  the 
specific  advantages  of  fiber  optic  gyros  with  respect  to  mechanical  gyros,  we  will  also 
deal  with 

-  limited  gyro  bandwidth. 

The  error  coefficients  are  taken  essentially  unraodelled  as  they  are  at  present  for  the 
phase  modulated  SEL  FOG. 

5. 2. 2.1  Gyro  Drift 

Fig .  9  shows  the  influence  of  the  gyro  drift  on  the  attitude  error  for  the  attitude 

profile  introduced  before,  using  drift  values  of  10,  20  and  lOOdeg/h  (top  to  bottom). 
The  attitude  angle  errors  are  well  within  O.Sdeg  even  for  the  lOOdeg/h  case,  and  even 
below  O.ldeg  in  the  case  of  a  lOdeg/h  drift.  The  maximum  in  the  middle  results  from  a 
scale  factor  error  of  0.5%,  which  was  included  for  comparison.  Thus  one  can  conclude 
that,  assuming  this  kind  of  attitude  profile,  the  gyro  drift  is  definitely  not  the 
limiting  factor  for  overall  system  accuracy.  Even  if  one  does  assume  a  gyro  drift  of 
lOOdeg/h,  which  is  an  unrealistically  high  value  for  the  SEL  FOG,  the  angle  errors  are 
not  excessively  high  and  are  of  the  same  order  of  magnitude  as  the  errors  resulting 
from  a  scale  factor  error  (SFE)  of  0.5%.  This  indicates  that  the  SFE  may  here  be  a  more 
important  error  source. 
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Figure  9.  Attitude  Error  Due  to  Gyro  Drifts  (10  ,20  &  lOOdeg/h) 
and  Scale  Factor  Error  (0.5%) 

When  applications  in  continuously  spinning  missiles  are  considered,  gyro  drifts  become 
even  less  important,  because  the  drift  in  pitch  and  yaw  gyros  is  averaged  out  due  to 
the  continuously  changing  orientation  of  the  missile  body  axes.  The  small  roll  angle 
error  which  is  caused  by  the  roll  gyro  drift  is  usually  not  critical. 

5. 2. 2. 2  Scale  Factor  Error 

A  scale  factor  error  of  0-5%,  which  is  the  present  uncompensated  value  for  the  SEL 
phase  modulated  FOG,  yields  with  our  attitude  profile  a  pitch  angle  error  of  about 
0.2deg,  see  Fig.  10.  A  reduction  of  the  SFE  to  0.1%,  which  one  can  hope  to  achieve  by 
modelling,  results  in  a  corresponding  reduction  of  the  pitch  angle  error  to  a  few 
hundredth  of  degrees. 

An  even  more  demanding  application,  as  far  as  the  scale  factor  is  concer  ed,  are 
attitude  reference  systems  in  continuously  spinning  missiles.  When  such  a  syr _em  is 
mechanized  completely  as  a  strapdown  system,  the  gyro  which  measures  roll  rate  is,  due 
to  the  absence  of  a  roll  gimbal,  subject  to  a  high  unipolar  angular  rate.  Assuming  a 
roll  rate  of  4000deg/s,  a  SFE  of  0.1%  leads  to  a  roll  angle  error  which  increases 
linearly  with  time  with  a  slope  of  4deg/s.  Although  in  spinning  missiles  the  exact 
knowledge  of  the  roll  angle  is  usually  not  essential,  a  roll  angle  error  which  is 


greater  than  a  few  degrees  seriously  affects  pitch  and  yaw  angle  accuracy.  However,  the 
gyro  which  measures  roll  rate  in  these  systems  operates  in  a  limited  rate  region,  i.e. 
only  at  high  rates.  First  measurements  of  the  SFE  characteristics  of  the  SEL  phase 
modulated  FOG  indicate  that  in  such  a  limited  rate  region  the  scale  factor  may  possibly 
be  modelled  to  an  accuracy  substantially  better  than  the  value  of  0.5%  quoted  from  the 
current  target  specification. 

One  can  thus  conclude  that  among  the  "classic"  gyro  error  sources  the  SFE  is  the  most 
critical  one  for  the  attitude  reference  application  considered  here.  The  scale  factor 
accuracy  required  for  nonspinning  systems  are  met  by  the  SEL  phase  modulated  FOG.  For 
full  strapdown  applications  in  spinning  .missiles  an  optimization  of  the  scale  factor  of 
the  roll  gyro  at  high  rates  will  certainly  be  necessary, 
deg  deg 


Figure  10.  Attitude  Error  Due  to  Scale  Factor  Errors  of  0.5%  and  0.1% 


5. 2. 2. 3  Limited  Gyro  Bandwidth 

As  attitude  control  applications  in  high  dynamic  environments  are  considered,  an 
additonal  error  source  becomes  important:  the  limited  gyro  bandwidth.  This  more  or  less 
obvious  fact  can  easily  be  visualized  in  a  simple  simulation  experiment  which  was 
carried  out  within  the  frame  of  our  Navigation  Software  Development  System  which,  for 
this  purpose,  was  equipped  with  an  additional  low  pass  filter  to  get  a  coarse  model  for 
the  gyro  frequency  response. 


The  simulated  system  input  is  shown  in  Fig ■  11.  It  consists  of  a  simple  discontinuity 
on  the  rate  acceleration  level,  which  may  stand  for  a  "kick"  caused,  for  example,  by  a 
rocket  motor  start.  Fig.  11  shows  the  resulting  attitude  angle  error  for  gyro 
bandwidths  between  25Hz  and  500Hz.  With  the  gyro  bandwidth  limited  to  a  few  tenths  of 
hertz,  quite  formidable  attitude  errors  and,  in  a  control  application,  correspondingly 
high  control  errors  may  result  in  a  high  dynamic  environment. 
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Figure  11.  Simulation  Input  (left)  and  Resulting  Attitude  Error 
for  Various  Gyro  Bandwidths 

This  simple  simulation  experiment  merely  serves  to  visualize  the  statement  that  high 
quality  attitude  control  in  high  dynamic  applications  re'quires  high  gyro  bandwidth  in 
addition  to  a  high  strapdown  algorithm  update  rate.  The  high  bandwidth  inherent  to  the 
fog  together  with  the  compact,  all  solid  state,  low  cost  concept  of  the  SEL  phase 
modulated  FOG  make  it  a  candidate  for  high  dynamic  control  and  stabilization 
applications . 


6.  SimHATIOM  OF  A  STRAPDOWM  SYSTEM  RKFERBMCED  LIME-OF-SIGHT  STABILIZATIOH  SYSTEM 

A  block  diagram  for  the  line  of  sight  (LOS)  control  is  shown  in  Fig,  12.  The  inner 
loop  contains  the  gimbal  control  including  the  controlled  element  ( gimbal  and  torquer) 
and  a  high  bandwidth  angle  transducer.  The  friction  effects  associated  with  all  gimbal 
systems  are  represented  by  the  nonlinear  characteristics  shown  in  Fig.  12. 
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Figure  12:  Block  diagram  of  line  of  sight  control 

The  need  for  a  high  bandwidth  for  the  angle  transducer  can  be  seen  from  the  simulation 
results  in  Fig.  13.  wh’ch  shows  the  stabilization  errors  for  200Hz  and  400Hz  angle 
sensor  bandwidth,  assuming  a  sinusoidal  1  degree  command  input. 


Figure  13:  Attitude  Error  of  a  Gimbal  System  at  200Hz  and  400HZ  Angle 
Sensor  Bandwidth 


The  limited  angular  freedom  of  a  gimbal  system  used  in  the  seeker  section  allows  the 
implementation  of  simple  linear  transducers  which  have  the  required  high  bandwidth.  The 
angular  errors  caused  by  the  substitution  of  an  angle  measurement  by  a  measurement  of 
linear  displacement  can  easily  be  compensated  in  the  strapdown  system  computer. 

It  is  obvious  that  especially  in  an  offline  strapdown  steering  mode  of  a  LOS 
stabilization  system  a  high  bandwidth  is  essential  for  operation  in  a  very  dynamic 
environment.  A  constant  50  deg/sec  movement  yields  a  large  velocity  angle  error  of 
about  8.8  mrad  at  a  gyro  signal  update  rate  of  100  Hz.  The  update  rate  of  1000  Hz  which 
is  typical  for  the  SEL  FOG  yields  only  0.88  mrad  angle  error. 
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Besides  the  deterministic  LOS  stabilization  errors  the  contribution  of  random  sensor 
noise  has  to  be  considered.  From  the  block  diagram  in  Fig.  12  it  can  be  seen  that  the 
sensor  noise  can  directly  be  added  to  the  stabilization  error.  Strapdown  Calculations 
using  original  input  signals  of  the  SEL  FOG  led  to  the  typical  strapdown  reference 
output  noise  patterns  shown  in  Fig.  14»  indicating  that  only  very  small  noise 
contributions  are  present. 
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Figure  14:  Typical  FOG  Angle  Noise  Pattern 


7.  CONCLUSIOM 

Simulations  based  on  the  error  behaviour  of  the  phase  modulated  fiberoptic  gyro,  which 
was  developed  at  SEL  and  is  now  going  to  reach  production  stage,  have  shown  that  this 
kind  of  rate  sensor  is  becoming  a  serious  competitor  in  the  field  of  strapdown  system 
sensors.  Potential  applications,  taking  advantage  of  the  FOG’s  simple  error  behaviour, 
its  inherent  high  bandwidth  and  its  all-solid-state  concept  include  missile  attitude 
reference  systems  and  high  quality  line-of-sight  stabilization  systems  for  high  dynamic 
environments.  These  features  encourage  the  development  of  integrated  concepts,  where 
attitude  reference  system  and  line-of-sight  stabilization  system  are  merged  into  one 
single  strapdown  sensing  and  controlling  unit. 
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SUmARY 

The  demand  for  higher  flight  veTocities  and  ranges  for  tactical  missiles  favours  increasingly  the  appli¬ 
cation  of  airbreathing  engines. -'The  wide  range  of  altitudes,  in  which  many  missiles  -  particularly  air 
launched  -  must  be  operational,  makes  the  variation  of  thrust  mandatory  and  leads  ultimately  to  the 
control  of  propellant  mass  flow,  ^hus,  with  the  choice  of  a  solid  propellant  ducted  rocket  as  propulsion- 
system,  the  gasgenerator  must  produce  a  variable  mass  flow  rate.  The  widely  applied  method  uses  a 
propellant  with  a  pressure  sensitive  burning  rate.  A  valve  with  variable  throat  area  controls  the  mass 
flow  out  of  the  gasgenerator.  '  •  ,  '  '  ' 


Accordingly  the  mathematical  model  of  the  gasgenerator  consists  of  the  laws  of  propellant  burnini  :e 
and  chamber  discharge  and  the  fundamental  equation  of  gas.  This  results  in  an  opposing  relation  between 
mass  flow  and  pressure  for  the  first  short  control  period  after  a  valve  throat  variation.  The  controller 
design  must  consider  this  non-minimum-phase  behaviour.  For  the  presented  example  of  a  missile  design 
a  propellant  mass  flow  measurement  couldn't  be  realized.  On  the  other  hand  the  flight  Mach  number  is 
the  ultimate  control  value.  This  leads  to  the  controller  dec.gn  described  as  follows: 


The  Mach  number  controller  computes  the  suitable  nominal  value  for  the  gasgenerator  pressure  while 
accounting  for  the  pertinent  gasgenerator  dynamics.  This  procedure  requires  the  knowledge  of  the  pressure 
sensitive  burning  rate  with  adequate  narrow  tolerance  limits.  In  case  of  high-g  flight  manoeuvres  the 
system  can  optionally  switch  over  to  a  simple  comtiand  for  the  pressure  nominal  value. 

An  adaptive  controller  is  nested  within  the  Mach  number  loop  to  keep  the  gasgenerator  pressure  in  closed 
loop  control.  Thus,  an  open  loop  control  of  the  mass  flow  rate  is  provided.  This  loop  is  controlled  by 
the  flight  Mach  number  looi^its  value  being  derived  from  flight  data.  -- 

The  installation  of  prototype  engines  on  test  stands  in  a  hardware-in-the-loop  configuration  and  the 
required  additional  simulation  procedure  will  be  described.  The  presentation  of  test  results  con.-iudes 
the  paper. 
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1.  INTRODUCTION 

The  growing  demand  for  higher  flight  velocities  and  ranges  in  the  field  of  tactical  missiles  favours 
increasingly  the  application  of  airbreathing  engines.  The  wide  range  of  altitudes,  in  which  many 
missiles  -  particularly  air  launched  -  must  be  operationel ,  together  with  requirements  for  improved 
manoeuvrability  makes  the  variation  of  thrust  mandatory.  The  most  effective  way  to  do  this  is  the  con¬ 
trol  of  propellant  mass  flow. 

With  the  choice  of  the  propellant  a  strong  preference  of  solid  grains  should  be  considered.  A  very 
attractive  propulsion  system  which  fits  perfectly  in  this  scenario  is  the  solid  propellant  ramrocket 
or  in  the  more  usual  american  term  the  ducted  rocket.  The  basic  design  of  a  missile  with  ducted  rocket 
propulsion  is  shown  in  Fig.  1.  The  gasgenerator  contains  a  grain  of  oxygen  deficient  propellant.  After 
ignition  it  provides  the  ramcombustor  with  fuel  rich  combustion  products.  There  they  will  mix  and  burn 
with  the  incoming  air  from  the  air  inlets.  The  internal  volure  of  the  ramcombustor  is  suitable  to 
accomodate  an  integral  booster.  For  the  most  cases  of  air  launched  missiles  the  possible  size  of  the 
booster  is  sufficient  to  accelerate  to  the  required  take  over  Mach  number  of  the  ducted  rocket. 

This  paper  describes  the  dynamic  behaviour  of  the  gasgenerator  with  the  resulting  design  considerations 
for  the  control  loop.  A  description  of  the  complete  engine  control  system  shows  the  necessity  to  in¬ 
clude  some  special  features.  The  test  philosophy  with  the  according  hardware-in-the-loop  arrangement 
and  the  presentation  of  some  test  results  will  round  off  this  paper. 


2.  GASuENERATORS  WITH  VARIABLE  MASS  FLOW 

According  to  the  requirements  stated  above  the  gasgenerator  must  produce  a  variable  mass  flow  rate. 

This  can  be  achieved  in  different  ways  based  on  the  influence  of  the  two  main  parameters 

-  burning  rate 

-  burning  surface. 

A  short  survey  of  some  proposed  concepts  shall  be  presented  below  (Fig.  2)  without  a  discussion  of  the 
pros  and  cons. 

0  Pressure  Sensitive  Propellant 

The  widely  applied  method  uses  a  propellant  with  a  pressure  sensitive  burning  rate.  An  end  or  cigarette 
burner  is  the  common  grain  configuration.  But  also  rod  and  tube  grains  are  known.  The  control  of  the 
mass  flow  out  of  the  gasgenerator  and  thus  the  gasgenerator  pressure  is  managed  by  a  valve  with  variable 
throat  area. 

0  Matrix  Propellant 

This  concept  is  a  variation  of  the  method  before.  The  difference  is  given  by  the  composition  of  the 
propellant.  Preproduced  granules  of  a  propellant  with  low  pressure  sensitivity  but  high  energy 
content  could  be  embedded  within  a  matrix  of  a  low  energy  propellant  with  high  pressure  sensitivity. 

The  result  envisaged  is  a  burning  behaviour  which  resembles  in  some  aspects  a  more  or  less  erosive 
burning. 

0  Strand  Augmented  Propellant 

The  propellant  composition  of  this  method  is  somewhat  reverse  ot  that  above.  One  or  more  strands 
(small  propellant  "wicks")  of  high  pressure  sensitivity  are  embedded  in  a  matrix  propellant  of  high 
energy  content  but  low  pressure  sensitivity.  The  now  pressure  dependent  progress  of  the  small  burn¬ 
ing  front  on  top  of  the  strands  dictates  how  strong  "coning"  occurs  in  the  matrix  propellant.  Coning 
means  that  a  locally  faster  burn  rate  tends  to  deform  at  least  the  whole  burning  surface  to  a  slope 
to  this  most  progressive  points.  Therefore,  the  major  effect  is  achieved  by  variation  of  the  burn¬ 
ing  surface.  The  actuator  nevertheless  is  still  a  throttling  valve. 

0  Retractable  Silver  Wires 

A  burning  surface  modulation  via  controlled  coning  is  the  basis  of  this  concept  too.  But  differently 
from  the  method  mentioned  above  the  extend  of  coning  is  here  influenced  by  the  conductive  heat  flux 
through  embedded  silver  wires.  To  maintain  or  stop  the  heat  flux  is  the  task  of  a  somewhat  complicated 
mechanism  which  retracts  the  silver  wires  at  an  adequate  rate.  This  rate  determines  the  relativ  position 
of  the  silver  wires  to  the  burning  surface  and  thus  the  corresponding  heat  flux. 

0  Longitudinal  Tubes 

A  concept  proposed  by  Thiokol  as  THERMATROL  (R)  (Thiokol  Heat  Exchange  Rocket  Motor  Augmented  Rate 
Control)  uses  the  same  effect  of  thermal  induced  coning  but  by  other  means.  Instead  of  the  retract¬ 
able  silver  wires  fixed  small  metal  tubes  would  be  installed.  A  flow  rate  control  system  connected  to 
this  tubes  at  the  bottom  of  the  grain  allows  a  variable  heat  flux  via  the  bleed  rate  of  combustion 
gases. 

As  mentioned  before  a  detailed  discussion  of  the  various  concepts  is  not  the  aim  of  this  survey.  Never¬ 
theless,  one  general  aspect  is  very  important  to  all  control  considerations.  The  variation  of  the  burn¬ 
ing  surface  is  generally  associated  with  relatively  long  time  constants  sometimes  extending  to  a  sub¬ 
stantial  part  of  the  whole  mission. 

In  the  present  case  of  an  air-launched  anti-ship  missile  the  mission  requirements  postulated  considerable 
versatility  on  the  propulsion  side.  Thus,  a  gasgenerator  with  a  pressure  sensitive  propellant  became  the 
heart  of  the  speed  control  for  the  missile. 


3. 
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MATHEMATICAL  MODELS 
3.1  GASGENERATOR- 

A  general  arrangement  of  the  selected  type  of  gasgenerator  is  shown  in  Fig.  3.  With  the  progress  of  the 
burning  front  to  the  left  the  free  volume  of  the  gasgenerator  is  filled  with  hot  coirtbustion  products. 

This  gas  leaves  the  gasgenerator  through  the  throttle-valve.  The  interaction  of  production  and  discharge 
of  gas  determines  the  pressure  inside  the  free  volume.  A  few  words  should  be  added  referring  to  the  nature 
of  the  cont>ustion  products.  Beside  their  dominant  gaseous  portion  these  often  contains  liquid  and  solid 
phases.  In  particular  with  the  application  of  propellants  with  high  energy  content  the  amount  of  these 
phases  are  not  negligible.  Nevertheless,  with  an  assignment  of  suited  material  constants  the  mathematical 
treatment  as  an  ideal  gas  leads  to  results  of  sufficient  accuracy. 

As  mentioned  before  the  conditions  inside  the  free  volume  result  from  the  difference  between  produced  and 
discharged  mass  or  energy  respectively.  Furthermore  the  volume  of  burned  solid  must  be  filled  with  gas. 

The  burn  rate  of  the  propellant  may  be  described  by  the  known  empirical  formula 


r  =■  a  •  p 


(1) 


The  parameters  a  and  n  are  propellant  specific  and  not  necessarily  independent  from  pressure  over  the 
utilized  pressure  range  as  we  will  later  see.  The  resulting  mass  production  is  given  by 


m  »p  ‘A.  'a'p 

P  P  b 


(2) 


The  mass  flow  discharged  through  the  valve  throat  at  a  critical  pressure  ratio  is,  according  to  funda¬ 
mental  fluid  dynamics,  determined  by 


P  • 


(3) 


with 


»  /  R  ♦  T 
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and 
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(5) 


The  balance  of  mass  is  given  by 


dm  •  •  d  /  .  ,,i 

^  =  "p  -  "d  =  ^ 


(6) 


and  corresponding  the  balance  of  energy 


^=m  ’  c  ’  T  -  m.  ’  c  •T=4r(o  'V'c  'T) 

dtpppdp  dt  g  v' 


(7) 


According  to  fundamental  considerations  /3y  temperature  variations  are  small.  Therefore,  the  assumption 
of  constant  temperature  T  =  Tp  =  const,  is  adequate. 

With  the  basic  assunption  of  an  ideal  gas  the  equation  of  state  is  valid 


p  -  Pg  •  R  •  T 

Thereby  we  obtain  the  differential  equations  of  the  gasgenerator 
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With  these  equations  the  dynamic  behaviour  of  the  gasgenerator  can  be  investigated.  The  parameter  of 
interest  is  the  discharged  mass  flow.  Together  with  the  air  mass  flow  which  is  a  function  of  the  respec¬ 
tive  flight  conditions  this  propellant  mass  flow  determines  the  thrust  of  the  missile. 

An  example  illustrates  this  behaviour.  As  shown  in  Fig.  4  with  a  step  function,  the  valve  adjusting  veloc¬ 
ity  assumed  to  be  infinite,  the  throat  area  will  be  reduced.  Now  it  is  obvious  that  the  mass  flow  shows 
a  reverse-reaction  behaviour.  Due  to  the  reduction  of  the  throat  area  the  mass  flow  is  reduced  propor¬ 
tionally  for  the  first  short  period.  This  disturbance  of  the  discharge  causes  the  pressure  to  rise.  But 
now,  according  to  the  rising  pressure,  the  burning  rate  will  also  increase.  Ultimately  with  a  certain 
time  constant  presssure  and  mass  flow  will  adjust  to  the  new  steady-state  condition.  The  time  constant 
is  proportional  to  the  free  volume  of  the  gasgenerator. 

A  very  important  aspect  for  the  design  of  a  controller  is  the  question  what  kind  of  measurements  are 
possible.  With  this  the  liquid  and  solid  phases  have  to  be  considered.  Of  course,  it  is  no  problem  to 
get  a  precise  signal  from  a  position  indicator  of  the  valve.  But  the  corresponding  throat  area  may 
depend  on  circumstances  like  burning  time,  pressure  level  etc.  since  the  valve  is  exposed  to  deposits. 

With  some  precautions  the  measurement  of  pressures  is  feasible  with  sufficient  accuracy.  However,  a 
reliable  temperature  recording  of  the  hot  gas  is  difficult  and  may  depend  on  operating  time. 

Now,  the  possibility  of  a  measurement  of  propellant  mass  flow  is  of  dicisive  significance.  Extensive 
investigations  /V  have  shown  that  out  of  a  multitude  of  physical  principles  only  a  few  are  really 
applicable.  For  practical  use  in  the  environment  which  a  missile  provides  there  remains  at  least  one 
method.  This  method  makes  use  of  a  smoothing  or  intermediate  volume  served  by  the  discharge  of  the 
throttling  valve  and  an  outflow  through  a  fixed  nozzle.  Assumed  there  are  no  temperature  variations  and 
a  critical  pressure  ratio  is  provided  the  mass  flow  is  proportional  to  the  pressure  in  the  volume 
(Fig.  4).  The  deposit  problem  at  a  sonic  nozzle  should  not  be  considered  as  a  severe  one.  Nevertheless, 
a  disadvantage  of  this  method  is  a  rise  of  the  operational  pressure  level. 

Besides  the  measurement  aspects  another  point  of  strong  influence  is  the  behaviour  of  the  controlling 
element  represented  by  the  throttle-valve  with  its  actuator.  Approximately  with  a  first  order  lag  element 
the  transfer  function  of  the  th'ottle-val ve  can  be  described. 

f  =  4-(A^-A)  (11) 

V 


Furthermore  must  be  observed 

-  the  upper  and  lower  limit  of  the  valve  throat  area  (according  to  design  considerations  it  is  impracti¬ 
cable  to  close  the  gasgenerator  corrpletely) 

-  the  limit  of  the  valve  adjusting  rate 


3.2  MISSILE  DYNAMICS 

Related  to  the  speed  control  the  force  balance  along  the  flight  trajectory  is  the  significant  portion 
of  missile  dynamics  (Fig.  5).  The  resultant  first  order  differential  equation  describes  the  acceleration 
along  the  flight  trajectory: 


^  "  m  2  Po  '  ^0  ’  ^  ®  ® 

The  thrust  coefficient  is  a  function  of; 

Cj,  =  f  (13) 

and  with  a  good  approximation  the  drag  coefficient  is  described  by: 


0  a 

where  the  basic  term  is  determined  by 


Cy  *  f  (15) 

0  • 

Values  of  the  drag  coefficient  are  cotimonly  provided  by  wind  tunnel  tests.  Whereas  with  good  accuracy 
the  values  of  the  thrust  coefficient  can  be  calculated  by  an  engine  cycle  program. 

The  measurement  of  related  flight  data  poses  no  problem.  Practically  each  missile  which  such  sophisticated 
requirements  is  equipped  with  an  Inertial  Navigation  System  (INS).  Therefore,  acceleration  and  velocity 
are  available  with  great  accuracy.  Equally  well  it  is  possible  to  provide  the  Mach  number  by  an  aerody¬ 
namic  probe. 
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4.  DESIGN  OF  THE  CONTROLLER 

The  considerations  of  the  previous  chapter  points  out  that  a  design  of  direct  or  closed  loop  control 
of  the  propellant  mass  flow  has  to  deal  with  the  following  aspects: 

-  reverse  reaction  or  non-minimutn-phase  behaviour 

-  working  pressure  level  of  the  gasgenerator  is  determined  by  two  pressure  losses  (throttle-valve  and 
sonic  nozzle) 

-  intermediate  volume  has  to  be  provided 

On  the  other  hand  the  parameter  that  ultimately  must  be  controlled  is  the  velocity  or  the  Mach  number. 
From  this  point  of  view  it  is  obvious  to  reject  the  direct  mass  flow  control  and  to  attempt  to  design  a 
control  system  which  provides  directly  the  required  speed.  With  such  a  solution  the  propellant  mass  flow 
would  be  controlled  in  an  open  loop  and  the  associated  mass  flow  measurement  can  be  rejected. 


4.1  SPEED  CONTROLLER 

The  requirements  of  the  project  mentioned  in  the  beginning  asked  for 

-  Mach  number  control  at  different  levels 

-  various  flight  profiles  up  to  high  altitude 

-  high-g  manoeuvres  at  final  approach  to  the  target 

To  fulfill  these  requirements  the  following  concept  resulted  from  a  somewhat  difficult  design  process. 

The  speed  controller  (Fig.  6)  consists  of  a  Mach  number  controller  with  a  cascade  controller  for  the 
pressure  loop  of  the  gasgenerator.  Thus,  an  open  loop  control  of  the  mass  flow  rate  is  provided. 

At  the  high-g  manoeuvres  a  control  of  the  Mach  number  is  no  more  opportune.  In  this  case  a  set  value 
adjuster  will  calculate  the  appropriate  set  value  for  the  pressure  controller  from  the  required  manoeuvre 
data.  With  that  a  sufficient  thrust  level  will  be  provided  to  maintain  a  certain  Mach  number  within 
specified  tolerance  limits  during  this  flight  period. 

A  short  time  before  launch  of  the  missile  the  required  data  must  be  transferred  to  the  speed  controller. 
Furthermore  the  interpretation  of  the  signals  given  by  a  start  sequencer  and  the  timeV  start  of  the 
controller  are  properties  of  the  initiation  function  block.  Due  to  the  transferred  atmospherical  and 
environmental  data  the  applicable  controller  coefficients  will  be  selected.  The  launch  data  decide  the 
preadjustment  of  the  throttle-valve.  By  this  the  appropriate  mass  flow  rate  for  the  transition  phase  will 
be  provided. 

In  the  next  chapters  both  controllers  will  be  described  in  more  detail  together  with  some  design  consider¬ 
ations.  They  are  of  the  adaptive  type.  Thus,  during  the  operation  time  a  continuous  parameter  adaptation 
has  to  take  place. 

Furthermore  the  operation  limits  have  to  be  taken  into  consideration.  These  limits  consists  of 

-  sufficient  supercritical  margin  of  the  air  inlets 

minimum  Mach  number 
maximum  propellant  mass  flow 

-  heat  resistance  of  radom 

maximum  Mach  number 

-  strength  of  gasgenerator  structure 

maximum  pressure  inside  the  gasgenerator 

A  graph  (Fig.  7)  illustrates  the  remaining  operational  regime  of  the  ducted  rocket.  During  operation  a 
supervisory  function  block  determines  the  appropriate  limitations. 

Even  without  the  discussion  of  the  controllers  in  detail  the  above  facts  show  that  this  task  can  only  be 
done  reasonably  by  direct  digital  control. 
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4.2  MACH  NUWER  CONTROLLER 

During  the  major  part  of  the  flight  the  speed  control  has  to  maintain  a  certain  Mach  number  preset  by 
the  flight  control  system.  A  limiter  controlled  by  the  supervisory  functions  reduces  the  set  value  to 

*^smin  ^  ^s  ^  ^smax’ 

To  improve  the  command  behaviour  this  value  will  be  treated  with  a  filter.  With  the  effected  lag  an  over¬ 
shoot  of  the  Mach  number  progress  will  be  virtually  avoided. 

A  second  limiter  constrains  the  deviation  to  ^  DM  <  ■^nax" 

By  this  a  violation  of  the  specified  Mach  number  limits  due  to  the  non-minimum-phase  behaviour  of  the 
controlled  system  will  be  avoided. 

At  variations  of  altitude  a  fast  adaptation  of  the  set  value  of  the  gasgenerator  pressure  will  be 
provided  by  a  disturbance  variable  compensation. 

The  controller  itself  consists  of  a  proportional -plus-integral  controller  for  the  processing  of  the 
Mach  nunber  deviation  and  a  proportional  controller.  The  latter  stabilizes  the  loop  with  a  feedback  of 
d/dt(M)  derived  from  the  measured  acceleration.  The  integral  portion  of  the  controller  guarantees  the 
static  accuracy.  Furthermore  it  provides  a  self  learning  capability.  Therefore,  the  required  gasgenerator 
pressure,  which  is  a  complex  function  of  aerodynamic  and  environmental  conditions,  will  be  determined 
automatically. 

The  parameters  of  the  Mach  number  controller  will  be  adapted  to  the  varying  free  volume  and  pressure  in¬ 
side  the  gasgenerator.  The  adaptation  to  the  free  volume,  due  to  its  slow  variation,  will  be  done  contin¬ 
uously.  However,  the  adaptation  to  the  pressure  has  to  consider  that  it  is  a  state  variable  of  the 
controlled  system  and  will  be  done  by  parameter  switching.  At  the  switching  points  the  continuity  of  the 
commanded  value  will  be  forced. 


4.3  GASGENERATOR  PRESSURE  CONTROLLER 

The  considerations  of  chapter  3  demonstrated  clearly  that  the  pressure  is  the  only  variable  of  the  gas¬ 
generator  which  can  be  measured  reasonably.  It  is  described  by  the  non-linear  differential  equation  (9). 
From  the  viewpoint  of  the  whole  concept  the  purpose  of  the  pressure  control  is  primarily  the  stabilization 
of  the  gasgenerator.  For  it  the  behaviour  of  the  pressure  should  correspond  to  the  following  reference 
model: 

dPf  1 

dt  '  Tp  ■  Pr^  (16) 

Thus,  the  transfer  function  of  the  gasgenerator  will  be  linearized.  Furthermore  this  function  will  be 
time-invariant.  Consequently  the  design  of  the  Mach  number  controller  was  simplified  considerably.  Due 
to  the  time-discrete  realization  of  the  controller  and  the  limited  valve  adjusting  rate  the  time  constant 
Tp  should  be  selected  not  too  small. 

The  pressure  set  value  can  be  provided  by  two  modes: 

-  from  the  Mach  nunber  controller  in  the  case  of  closed  loop  Mach  number  control 

-  from  the  set  value  adjuster  in  the  case  of  open  loop  Mach  number  control  at  high-g  manoeuvres. 

The  second  mode  is  suitable  for  an  open  loop  control  of  the  mass  flow  (Fig.  9).  At  this  the  set  value  will 
be  calculated  with  the  known  relation  of  mass  flow  and  gasgenerator  pressure  (Equation  (2)  or  tabulated 
data  set).  These  conditions  proved  favorable  at  the  design  of  the  test  concept. 

The  adaptive  pressure  controller  (Fig.  10)  consists  of  a  proportional  compensation  controller  with  an 
additional  proportional -plus-integral  controller.  According  to  Equation  (16)  the  proportional  compensation 
controller  causes  for  the  closed  loop  approximately  the  following  transfer  function: 


^  =  U)0  •  (p^  -  p)  (17) 


Without  a  violation  of  this  behaviour  the  additional  proportional -plus-integral  controller  provides  the 
static  accuracy.  The  portion  of  the  correcting  variable  delivered  by  this  additional  controller  can  be 
limited.  Thus,  an  excessive  overflow  of  the  integral  value,  e.g.  caused  by  temporary  jamming  of  the  valve, 
with  possibly  resulting  oscillations  can  be  avoided.  But  with  the  increasing  reliability  of  the  valves 
this  limiting  functions  lost  its  importance.  Further  will  be  limited: 

-  the  set  value  of  the  pressure 

-  the  set  value  of  the  valve  throat  area 

both  in  accordance  with  the  supervisory  functions 

-  the  valve  throat  area 
due  to  design  conditions. 
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Like  these  of  the  Mach  number  controller  the  parameters  of  the  pressure  controller  will  be  adapted  to  the 
varying  free  volume  and  pressure  inside  the  gasgenerator.  The  value  of  the  free  volume  is  known  before 
ignition  but  there  is  no  possibility  to  measure  it  during  operation.  Thus,  it  must  be  calculated  contin¬ 
uously  by  the  integration  of  the  respectively  produced  increase  of  this  volume.  According  to  equation 
(10)  the  timely  value  is  dependent  on  the  gasgenerator  pressure. 

As  indicated  in  chapter  3  the  parameters  a  and  n  are  not  necessarily  independent  from  the  pressure. 
Typically  the  characteristic  curve  of  the  burn  rate  tends  to  minor  gradients  in  the  upper  pressure  regime. 
Therefore,  the  application  of  a  tabulated  form  of  this  relationship  and  all  parameters  dependent  of  it 
proved  favorable.  The  same  is  valid  for  the  pressure  dependence  of  the  characteristic  velocity  c*. 

During  the  development  of  the  control  system  the  test  results  suggested  the  inclusion  of  some  special 
features.  These  accounts  mainly  for  the  behaviour  of  the  particle- laden  gas.  Regardless  of  the  measures 
taken  at  the  valve  the  following  provisions  against  the  effect  of  deposits  were  made: 

-  identification  of  deviations  from  the  valve  characteristic  curve 

At  static  operation  phases  continuous  throat  area  deviations  caused  by  deposits  can  be  determined  and 
compensated. 

-  wipe  pulses 

At  low  pressure  the  preservation  of  the  maximum  throat  area  is  particularly  important.  Wipe  pulses 
at  times  can  be  helpful. 

-  switching  of  the  loop  gain 

At  high  pressure  the  control  loop  tends  under  some  circumstances  to  oscillations.  A  reduction  of  the 
closed-loop  gain  in  this  regime  solves  the  problem. 

Furthermore  a  special  initiation  process  provides  for  a  smooth  start  and  another  feature  opens  the  valve 
at  burn-out  for  the  largely  utili2ation  of  the  pressurized  propellant  gas. 


5.  SYSTEM  TEST 

Of  course,  an  intense  examination  with  simulations  accompanied  the  design  of  the  controller.  At  the 
same  time  the  development  of  the  engine  takes  place.  For  it  the  design  of  the  throttle-valve  was  a  very 
important  matter.  The  various  types  with  their  pros  and  cons  should  not  be  discussed  here. 

Nevertheless,  the  applied  and  very  approved  design,  a  special  kind  of  a  rotary  disk  valve,  shall  be 
shortly  presented.  Fiq.  11  shows  a  photograph  of  the  valve  seen  from  the  gasgenerator  side.  The  valve 
has  four  outlets  in  twos  throttled  by  two  rotary  sliders  with  their  axes  perpendicular  to  the  outlet 
plane.  Shown  is  the  full  open  position  with  the  maximum  throat  area  that  can  be  provided.  The  control 
edges  are  shaped  circular  and  rounded  to  form  a  nozzle.  Thus,  in  the  most  critical  position  a  geometry 
is  provided  which  avoids  largely  deposition. 

To  obtain  the  above  described  state  long  series  of  tests  were  necessary.  Of  course,  the  early  combination 
of  the  engine  hardware  with  the  control  algorithms  was  very  important.  The  resulting  dynamic  behaviour 
could  be  studied  under  real  conditions. 


5.1  HARDWARE-IN-THE-LOOP  TEST  TECHNIQUE 

The  test  concept  was  strongly  influenced  by  the  following  conditions: 

-  realization  of  the  controller  with  direct  digital  control  technique 

-  gasgenerator  pressure  control  loop  can  be  operated  seperately 

-  necessity  of  propulsion  system  tests  a  long  time  before  the  availability  of  the  controller  hardware. 

Under  these  circumstances  a  hardware-in-the-loop  test  technique  offered  a  great  advantage.  Fig.  12  shows 
a  comparison  of  the  flight  system  with  the  conditions  at  the  test  plant.  Due  to  the  first  point  mentioned 
above  the  implementation  of  the  controller  software  on  a  process  computer  instead  of  the  engine  control 
computer  is  possible  without  difficulty.  At  our  test  plant  a  VAX  750  computer  was  available  for  such 
purposes.  Therefore,  an  operation  of  the  (inner)  gasgenerator  loop  at  the  test  plant  could  be  managed. 

Although  an  electric  drive  is  provided  for  the  missile  valve  servo-system  at  the  test  plant  a  hydraulic 
actuator  was  used. 

Much  more  complicated  was  the  implementation  of  the  Mach  number  controller.  Therefore,  a  simulation  of 
the  missile  behaviour  due  to  inertia  and  aerodynamics  must  take  place.  Furthermore  the  test  plant  must 
be  able  to  provide  a  varying  air  mass  flow  heated  to  the  suitable  temperature  similar  to  the  air  inlets 
at  supersonic  flight. 

Fig.  13  shows  the  situation  in  the  form  of  a  block  diagram.  The  propulsion  system  is  represented  by 

-  the  throttle-valve  with  the  appropriate  servo-system 

-  determining  the  mass  flow  out  of  the  gasgenerator 

-  injected  into  the  ramcombustor. 


At  flight  conditions  the  achieved  thrust  acts  against  inertia  and  aerodynamics  of  the  missile.  The  values 
of  Mach  number  and  acceleration  measured  by  Mach  meter  and  INS  will  be  provided  to  the  speed  control  system. 
The  set  value  of  the  valve  throat  area  closes  the  loop. 

The  algorithms  of  the  speed  control  system  can  be  performed  either  by  the  engine  control  computer  or  by 
a  process  computer. 

As  mentioned  before  the  test  plant  must  provide  an  appropriate  air  mass  flow  heated  to  the  stagnation 
temperature.  The  available  facility  works  according  to  the  blow-down  principle.  The  air  mass  flow  out 
of  an  air  reservoir  will  be  controlled  by  a  throttle-valve.  A  heater  supplied  with  hydrogen  provides  the 
required  temperature.  Not  shown  on  this  diagram  is  the  supply  of  the  make  up  oxygen.  This  will  be  provided 
to  an  amount  equal  to  that  consumed  by  hydrogen. 

However,  the  missing  link  for  a  successful  test  procedure  is  a  substitude  for  the  missile.  This  will  be 
introduced  by  the  simulation  of  the  missile  dynamics.  Proceeding  from  the  measured  thrust  all  required 
parameters  will  be  calculated.  The  corresponding  simulation  algorithms  can  also  be  performed  by  the 
mentioned  process  computer. 

The  block  diagram  of  the  simulation  of  the  missile  dynamics  is  shown  in  Fig.  lA.  Proceeding  from  the  gas- 
generator  pressure  the  produced  mass  flow  will  be  calculated  according  to  equation  (2).  liith  the  inte¬ 
grated  gas  production  the  present  missile  mass  can  be  calculated. 

Simultaneously  the  coefficients  of  Thrust  and  Drag  will  be  determined.  The  calculation  of  the  fictive 
acceleration  will  be  done  according  to  equation  (12).  A  first  integration  provides  the  velocity.  Con¬ 
sequently  the  Mach  number  can  be  determined.  Besides  the  preparation  of  the  set  values  of  the  test  plant 
controllers  for  air  mass  flow,  heating  hydrogen  and  make  up  oxygen  the  Mach  nuidber  will  be  provided  for 
the  coefficient  calculation  of  the  next  sample. 

With  an  additional  integration  of  the  velocity  times  the  cosine  of  the  elevation  angle  the  covered  range 
over  ground  will  be  determined.  The  integrations  will  be  performed  with  Runge-Kutta  formulas. 

Thus,  the  required  values  for  the  speed  controller  will  also  be  provided. 


5.2  TEST  RESULTS 

Fig.  15  shows  a  photograph  of  a  ducted  rocket  propulsion  system  on  the  test  facility.  Lateral  of  the 
engine  the  hydraulic  actuator  of  the  throttle-valve  is  visible. 

Results  of  two  tests  with  the  simulation  of  missile  dynamics  are  presented  in  Fig.  16  and  17.  Both  show  an 
acceleration  process  followed  by  a  manoeuvre  (open  loop  mode)  in  the  second  case.  The  diagrams  on  the 
left  indicate  the  very  good  accordance  of  the  gasgenerator  pressure  with  its  set  value.  The  diagrams  of  the 
coefficients  of  drag  and  thrust  show  excess  of  thrust  during  the  acceleration  phase.  The  third  set  of  curves 
illustrates  the  Mach  nunter  progress. 

A  photograph  of  a  trial  firing  of  a  ducted  rocket  propulsion  system  (Fig.  18)  closes  this  paper. 


6.  CONCLUSION 

I  think  the  now  available  contination  of  speed  controlled  airbreathing  propulsion  with  a  solid  propellant 
offers  very  attractive  possibilities  not  only  for  our  current  project  but  also  for  the  whole  spectrum  of 
tactical  missiles. 
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'^Because  of  their  increasing  requirements>modern  guided  missiles  today  have  a  very 
high  degree  of  complexity. 's  In  the  development  this  results  in  need  of  time  and  high 
costs.  To  improve  cost-eFfectlveness  and  to  reduce  risk  and  uncertainty  at  the  siune  time^ 
new  test  concepts  are  necessary.  Realtime  simulations  like  Software-in-the-Loop  and 
Hardware- in- the-Loop  simulations  represent  such  new  concepts.  This  means  close  loop 
simulation  with  actual  present  missile  components  in  a  laboratory  environment  where  the 
physical  environment  is  simulated  and  controlled  by  a'special  computer  equipment.  After 
a  definition  of  SIL/HIL-aimulatlonj4«— tWs  pobl-ioation/the  conf iguration  of  such  a  test 
equipment  is  presented.  It  gives  an  overview  of  the  complexity  of  the  thereby  necessary 
hardware  and  software. 


1 .  Definition  of  SII./HII.-Simulation 

The  requirements  on  modern  guided  missile  systems  have  increased  because  of  their 
operational  conditions.  This  results  in  a  high  degree  of  complexity  of  the  whole  system 
as  well  as  of  the  single  subsystems. 

Such  a  missile  (fig.  1)  for  example  has  a  central  missile  computer  where  complex  signal 
processing  and  control  of  all  systems  takes  place.  Additionally  data-communication  be¬ 
tween  the  carrier  and  the  missile  must  be  possible  during  the  captive  flight  for  test- 
and  synchronisation  purposes. 


Fig.  1 ; 


Schematic  Structure  of  a  Guided  Missile  (Guidance  and  Control  Components ) 


The  influences  of  the  operational  environment  are  observed  by  several  sensor  systems 
such  as 

an  active  seeker  (radar,  infrared  etc.) 

-  altimeter  (radar) 

-  inertial  system  (strap  down) 

These  single  subsystems,  as  a  rule,  have  a  local  intelligence  and  realize  a  data  prepro¬ 
cessing.  The  calculation  of  all  data  by  complex  guidance  and  control  algorithms  leads  to 
commands  for  the  fin  actuator  system  so  that  the  correct  course  is  followed.  The  commu¬ 
nication  with  the  central  computer  takes  place  by  suitable  BUS-systems. 

All  described  systems  have  digital  components  which  enable  the  processing  of  the  com¬ 
plex  algorithms  and,  furthermore,  the  realization  of  changed  requirements  quickly  and 
cost-effectively  by  software  modification. 

All  these  considerations  lead  to  high  development  effort  which  takes  time  and  results 
in  high  costs.  A  special  problem  is  the  testability  of  such  systems.  Tests  of  single 
systems  on  test  rigs  with  deterministic  signals  provide  at  most  knowledge  only  about 
the  compliance  of  specifications,  tolerances  and  correct  logical  flow. 

Dynamic  research  into  system  behaviour,  as  well  as  of  the  hardware  and  also  of  the  soft¬ 
ware,  till  now  has  only  been  possible  by  captive  and  free  flight  tests.  Exactly  these 
tests  represent  a  very  high  cost  factor  in  the  development.  Besides  it  has  been  clear 
that  the  performances  of  the  missile  cannot  be  registered  sufficiently  by  flight  tests 
alone.  To  assess  the  multivarious  functions  it  is  necessary  to  have  a  high  number  of 
tests  in  a  controlled,  reproducible  environment  with  definite  changes.  Thereby  it  is 
possible  to  collect  statistical  data  to  enable  an  assessment  of  the  performance. 

New  test  concepts  to  fulfill  all  requirements  are  the  software-in-the-loop  (SIL)  simula¬ 
tion  and  the  hardware-in-the-loop  (HIL)  simulation.  These  are  simulations  which  enable 
tests  of  single  missile  subsystems  as  well  as  of  the  whole  system  dynamically  in  a 
closed  loop  realized  in  a  laboratory  environment. 

The  basic  difference  between  SIL  and  HIL  is  the  simulation  objective  and  therefore  the 
subsystems  which  are  involved  in  the  simulation  loop.  For  the  SIL-simulation  this  is 
only  the  central  missile  computer.  The  implemented  software  is  the  actual  object  of 
test.  The  task  of  the  SIL  is  the  validation  of  the  operational  software.  This  means  to 
check  whether  the  transfer  of  the  guidance  and  control  algorithms  from  mathematical 
simulation  models  into  the  microcode  of  the  microprocessor  in  use  has  been  done  cor¬ 
rectly.  Validation  especially  means  the  check  of  all  dynamic  functions.  A  successful 
SIL  therefore  is  the  first  milestone  to  build  up  a  HIL-simulation. 

HIL-simulation  in  its  complete  form  assembles  all  missile  components  which  provide  data 
necessary  for  guidance  and  control.  The  task  of  the  HIL  is  the  validation  of  the  whole 
system,  the  analysis  of  its  dynamic  behaviour  and  also  the  check  of  the  system  effecti¬ 
veness  , 

The  commonality  of  both  simulations  is  the  simulation  of  complete  operational  missions. 
This  requires  for  the  missile  and  its  sensors  a  realistic  modelizatlon  of  environment 
influences  and  of  simulation  in  real  time. 

Which  influences  are  necessary  will  be  explained  in  the  following  for  an  actual  exam¬ 
ple. 


Configuration  of  an  actual  SIL/HIL-Simulation 


There  is  no  question  that  the  configuration  of  a  SIL/HIL-simulation  is  dependent  on 
the  configuration  of  the  missile  itself.  Consequently  the  simulation  equipment  must  be 
configured  so  as  to  serve  the  real  hardware-  and  software-interfaces  of  the  missile. 
This  will  be  illustrated  using  the  simulation  equipment  oC  an  Anti-Ship-Nissile  as  an 
example. 


SIL-Conf iguration 


The  structure  of  the  SIL-simulation  is  presented  in  figure  2.  The  real  missile  com¬ 
ponents  are  the  complete  missile  computer  with  implemented  mission  software  and  a  con¬ 
trol  unit  for  the  fin  actuators.  The  missile  computer  is  supplemented  by  a  special 
CYBER-lnterface.  It  serves  to  transfer  data  into  the  missile  memory  directly  from  those 
subsystems  which  are  connected  by  an  internal  BUS  in  the  original  missile. 
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Fig.  2  :  SIL  -  Configuration 


Additionally  this  interface  allows  the  recording  of  data  which  are  necessary  to  validate 
a  simulation  run.  The  CYBER-simulation  computer  is  the  controlling  unit.  A  main  progreun 
is  based  upon  the  logical  timing  of  the  missile  computer  and  controls  the  test  scenario 
by  adapted  logical  commands.  Special  simulation  programs  model  all  missile  subsystems 
which  are  not  actually  present  and  also  all  necessary  physical  influences  at  the  sensors 
and  the  missile  Itself.  The  data  transfer  between  the  missile  computer  and  the  CYBER 
simulation  computer  takes  place  over  the  original  interfaces  in  the  specified  format. 
This  requires  an  analog/digltal-conversion  of  signals  for  the  fin  actuator  system. 
Additionally  there  is  a  separate  interface  computer  for  MIL-BUS-formatting  of  seeker- 
and  carrier-data  and  the  control  of  the  actuator  system. 

The  whole  simulation  must  run  under  real  time  conditions  synchronously  to  the  timing  of 
the  missile  computer.  A  synchronisation  pulse  generated  by  the  missile  computer  syn¬ 
chronizes  the  missile  computer,  the  Interface  computer  and  the  simulation  computer.  The 
actual  system  time  is  about  8  ms.  This  is  the  maximum  integration  time  for  the  simul¬ 
taneous  solution  of  the  systems  of  differential  equations  on  the  simulation  computer. 
This  available  frame  time  will  be  shortened  by  the  necessary  system  time  and  by  the 
data  transfer  from  and  to  the  periphery.  It  is  a  special  feature  of  this  simulation  com¬ 
puter  and  its  operational  system  to  recognize  and  process  the  synchronization  interrupt 
fast  enough  so  that  the  synchronization  and  real  time  conditions  are  fulfilled. 


2.2  HIL-Conf iquration 

Figure  3a  shows  the  HIL-conf iguratlon.  The  substantial  higher  hardware  effort  can 
be  noticed.  It  is  necessary  to  generate  the  correct  physical  effects  for  the  missile 
sensors  which  are  actually  present.  The  figure  shows  a  complete  configuration  of  the  MIL 
which  contains  all  missile  systems  as  real  hardware.  It  is  clear  of  course  that  in¬ 
fluences  like  aerodynamic  or  propulsion  system  behaviour  etc.  cannot  be  reproduced  in  a 
laboratory  configuration. 
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Fig.  3a:  HIL  -  Configuration 


The  individual  systems  are  (besides  the  missile  computer); 

the  radar  seeker 

-  the  fin  actuator  system 

the  strap-down  inertial  system 

-  the  radar  altimeter 

They  all  consist  of  a  sensor  system  for  physical  data  and  a  computer  component. 

The  essential  task  of  the  HIL-slmulation  now  is  to  provide  each  sensor  with  appropriate 
data.  For  this  purpose  special  effect  simulators  have  been  built  up  which  consist  of  a 
computer  component  and  a  component  to  reproduce  the  physical  environment  (fig.  3b): 

Radar  simulator: 

Simulation  of  moving  targets  and  jammers  in  an  anechoic  chamber. 

-  Load  torque  simulator: 

Generation  of  dynamic  load  torques  at  the  fin  shafts  by  an  electro-hydraulic  system. 

-  Notion  simulator: 

Realization  of  rotational  motion  by  an  electro-hydraulic  three-axis  flight  table  for 
roll,  pitch  and  yaw. 

-  Mtimeter  simulator: 

Dynamic  simulation  of  altitudes  by  delaying  the  radar  signal. 

-  NIL-BUS-interface : 


Imitation  of  the  carrier  Interface.  The  seeker  Interface  is  not  used  here. 
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Fig.  3b:  Effectsimulators 


As  for  the  SIL  there  is  a  direct  coupling  of  data  between  the  CYBER  and  the  missile  com¬ 
puter  using  an  interface  for  data  recording. 

Simulation  programs  on  the  CYBER-simulation  computer  control  the  complete  test  and  the 
data  communication  of  the  connected  systems.  They  supply  the  effect  simulators  with 
parameters  for  the  simulation  of  the  physical  effects.  A  great  part  of  these  special 
programs  are  Implemented  in  these  microcomputers  itself  for  computation  time  reasons. 
To  keep  the  realtime  conditions  all  systems  must  also  be  synchronized  to  the  timing  of 
the  missile  computer. 

With  this  configuration  it  is  possible  to  evaluate  the  dynamic  behaviour  of  the  whole 
system.  With  the  modular  construction  it  is  possible  to  replace  a  single  actual  compo¬ 
nent  by  a  computer  model.  Dynamic  tests  of  single  components  will  therefore  be  pos¬ 
sible. 


Table  1  shows  a  summary  of  the  computer  models  utilized  in  the  HIL  and  SIL-simulation. 


Model 

Used 

HIL 

in 

SIL 

Aerodynamic 

X 

X 

Equations  of  motion 

X 

X 

Propulsion  system 

X 

X 

Mass 

X 

X 

Actuator  control 

real 

X 

Torques 

real 

- 

SDP 

real  translatoric 

X 

Altimeter 

real  +  heights  >  12  m 

X 

Seeker 

real 

X 

Carrier- Inter face 

real 

real 

Carrier 

X 

X 

Waves 

real 

X 

Wind 

X 

- 

Kinematic  of  targets/ 

real 

X 

jammers 

Radar 

real 

X 

X  >  mathematical  model 

real  »  real  hardware  present  /  stimulated  by  effect  simulators 
Table  1:  Models  used  in  HIL  and  SIL 


3.  Conclusion 


The  SIL-  and  HIL-simulation  equipments  presented  here  allow  the  dynamic  testing  of 
hardware  and  implemented  software  under  realtime  conditions.  By  variation  of  parameters 
various  environment  conditions  and  various  operational  missions  can  be  realized.  In  this 
way  a  deeper  knowledge  of  the  system  can  be  obtained  and  consequently  a  better  prepara¬ 
tion  of  necessary  flight  tests.  The  value  of  the  thus  reduced  flight  tests  is  thereby 
increased.  In  turn  the  results  of  these  trials  validate  and  improve  the  computer  models. 

Altogether  one  achieves 

-  a  systematic  development  procedure 

-  a  quick  accomodation  of  new  and  changed  requirements 

-  a  reduction  of  development  risks 

-  an  Improved  cost  efflctiveness. 
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